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Abstract

The heterodyne / direct detection DIAL comparison (HD/DD DC) experiment series was
conducted at Kirtland AFB, NM, to simultaneously characterize and compare the radiometric
and chemical detection sensitivities of heterodyne and direct detection DIAL systems. The
system developed by the Air Force Research Laboratory Directed Energy Directorate
demonstrated the first known programmable and shot-to-shot wavelength-agile heterodyne
DIAL measurements. The experiments studied radiometric issues, speckle mitigation through
spread spectrum (modelocked) operation, and chemical detection sensitivities. The
measurements were performed over horizontal paths at standoff ranges from 4 to 15 km, using
both natural and man-made targets. Heterodyne and direct detection radiometric and
chemometric results are presented and contrasted, and are compared with predictions from
simulations and models.
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1. Introduction

A. Overview

The Heterodyne/ Direct Detection DIAL Comparison (HD/DD DC) experiments were designed

to provide a direct, simultaneous comparison of the radiometric and chemical detection

sensitivities of the two receiver techniques. From October 1998 to September 2003, the
HD/DD DC measurements were a main component of the Laser Remote Optical Sensing

(LROS) program at the Air Force Research Laboratory Directed Energy directorate (AFRL/DE).

In general, it is expected that heterodyne detection will have a significant radiometric

sensitivity advantage (by a factor of approximately 10? to 10%) over direct detection.” A key
issue for heterodyne detection, however, is the sensitivity of the process to speckle, which

affects the chemical detection sensitivity. For a direct detection system, it is possible to
spatially average multiple speckles across the receiver aperture, thereby reducing the speckle-
induced fluctuation in the received signal. For a common single-mode heterodyne receiver,

the requirement of having a coherent phase front over the receiver aperture results in a
speckle-limited single shot SNR of unity. For the HD/DD DC experiments, a speckle mitigation

technique was studied which uses a spread spectrum (modelocked) transmit waveform. In

this technique, multiple laser longitudinal modes are transmitted, each of which is speckled

independently when returned from a diffuse target with sufficient longitudinal extent. An

illustration of the SNR characteristics versus range for each of these techniques is given in

Figure 1. The values in the Figure were not calculated for specific systems, but are

representative of heterodyne and direct detection systems with similar transmit energies and

receiver apertures. A common characteristic of all of the techniquesisthat at short ranges the
SNR will be speckle limited, and therefore mainly independent of range. At some distance, the
SNR will become signal limited, and will decrease proportionally with the range squared (R?),
or faster. The heterodyne radiometric advantage is that the breakpoint between speckle-
limited and signal-limited operation will occur at significantly greater ranges. The SNR
advantage at short ranges in the speckle-limited regime seen for a direct detection system in

comparison to a single-mode heterodyne system can be reduced or nearly eliminated by
utilizing a spread spectrum transmit waveform. The cost of this improvement in comparison
with the more common single-mode heterodyne systems is slightly more complexity in the
front end of the heterodyne receiver, where a higher bandwidth capacity is required. This

bandwidth can later be reduced by either analog or digital processing to alevel similar to that
of a single-mode heterodyne receiver. The complexity of the spread spectrum (model ocked)
transmitter actually tends to be less than that of a wavelength-agile single-mode transmitter.

At short ranges a direct detection system will always have an advantage over a heterodyne
system, since direct detection can utilize both spatial averaging and spread spectrum
operation to provide speckle mitigation, while heterodyne detection can utilize spread
spectrum operation but not spatial averaging. The heterodyne system advantage will always
occur for longer range operation, where heterodyning can continue to make measurements
after the direct detection system return level has dropped below the system noise floor.
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Figure 1. lllustration of spread spectrum heterodyne, single-mode heterodyne, and
direct detection SNRs as a function of range.

B. Development Timeline

The Heterodyne / Direct Detection DIAL Comparison (HD/DD DC) experiments utilized
components from two separate systems, the Laser Airborne Remote Sensing (LARS) and
Coherent Remote Optical Sensing System (CROSS). The LARS program demonstrated the
capability of direct detection DIAL measurements from an airborne platform, achieving
multiple chemical detection at a one-way standoff slant range of greater than 30 km (see
Figure 2)°. As the LARS program was concluding, the CROSS efforts began to develop a
heterodyne DIAL capability, with the eventual goal of extending the operational range to a
one-way standoff slant range of greater than 80 km. The development timeline for the LARS
and CROSS systemsis shown in Figure 3. The primary development required for the CROSS
program was a wavelength agile, stable CO, local oscillator capable of high pulse repetition
frequency (PRF) operation (with an eventua PRF goa of greater than 1 kHz). The
Wavelength Agile Loca Oscillator (WALO) was developed to meet the goals of the CROSS
system®, and is discussed in more detail |ater in this report.
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2. Experimental Information and Configuration

A. HD/DD DC Equipment Description

The layout of the equipment used in the HD/DD DC experiments is shown in Figure 4. The
various subcomponents will be described in more detail in the following sections. A common
transmitter was used as the illumination source for both the heterodyne and direct detection
receivers. The transmitted light was passed through a gas absorption cell, and the optical
return signal for both receivers also passed through the gas cell.
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Figure4. Layout of transmitter, direct detection receiver, and heterodyne receiver for
Heterodyne/ Direct Detection DIAL Comparison (HD/DD DC) experiments.

B. Transmitter System

The Breadboard Oscillator (BBO) CO, laser developed by Textron Systems Corporation was
utilized as the transmitter for the Heterodyne / Direction Detection DIAL Comparison (HD/DD
DC) experiments. The BBO laser was also used in the Laser Airborne Remote Sensing (LARS)
program, which developed an airborne direct detection DIAL system that demonstrated
simultaneous detection of multiple chemicals at ranges of greater than 30 km (see Figure 2).
The laser and associated cavity optics are shown mounted on the left-hand side of the LARS
airborne optical bench in Figure 5. The BBO laser is an RF-excited transverse electric



amospheric (TEA) CO, laser with output pulse energies of greater than 4 J on strong CO,
transition lines, and a pulse repetition frequency (PRF) of up to 30 Hz. For the HD/DD DC
experiments the laser PRF was limited to approximately 1 Hz by the capabilities of the data
acquisition and control system. The laser uses a mechanical grating to change the output
wavelength in a programmed sequence. The HD/DD DC experiments commonly utilized
seguences consisting of 12 to 13 of the approximately 60 laser lines accessible by the BBO
using the ®C*°0; isotope in the laser gain medium. To investigate speckle mitigation the laser
operation was often alternated between non-model ocked and model ocked configurations for
successive data sets. In both configurations the laser had multiple longitudinal mode output,
but modelocked operation resulted in more longitudinal modes, with higher and more stable
amplitudes. The key parametersfor the BBO laser aregivenin Table 1.

- . "

gure 5. Photograpof BBO laser and system on Argus flight bench.

C. Direct Detection Receiver

A diagram of the LARS bench, comprising both the laser transmitter and the direct detection
receiver, isshownin Figure 6. The transmit optical path is shown in blue, and is primarily on
the left side of the optical bench. The direct detection receive signal is shown in purple on the
right side of the optical bench. The direct detection receiver utilizes a 16" diameter reflective
telescope, with a secondary / pickoff mirror obscuration. The receive light is focused onto a
0.500 mm diameter liquid nitrogen cooled HgCdTe detector with a bandwidth of 80 MHz. The



signal from the detector is sampled at 60 MSa/s, and stored by the LARS Acquisition and
Processing System (LAPS) for use in both quick-look and offline analysis.

Tablel. BBO Laser Key Parameters

Parameter Value
CO, I sotope 2cl%o,
1301602
Pulse Energy > 4 J (strong line, using C**0,)
> 50 mJ (weak line)
Pulse Repetition Frequency 30 Hz (maximum)
10 Hz (nominal)
1 Hz (HD-DD DC experiments)
Wavelength Tuning Capability Single shot
Number of Accessible Wavelengths ~ 60 (*C'™®0, isotope)
~ 50 (BC'®0, isotope)
Pulse Type Gain switch spike with relaxation tail
Pulse Width ~ 10 ns (non-model ocked)
~ 6 ns (model ocked)
Beam Divergence ~ 1.0 mrad (from laser)
0.285 mrad (transmitted downrange)

i Pointing and Receiver
HeNe Alignment / Tracking Glmbal/ Telescope
Laser \
T 7]
& | _— Acquisition
BBO Laser ™~ & Camera
ﬁ | ,../ === | — Boresight
11 Camera
Output /—”/ — Ay
Pulse ] [ =Cas - A\ 3.53X Transmit
Monitor | Beam Expander
D 1B
N Detector
_ Optics
4 Package
Near-Field / LFar-FieId \— Spectrometer

Camera Camera

Figure 6. Plan view of laser transmitter and direct detection receiver.



D. Wavelength Agile Local Oscillator (WALO)

The Wavelength Agile Local Oscillator (WALO) was developed for stable wavelength agile
operation at high PRFs (> 20 Hz). The WALO uses a cavity waveguide for the CO, gain
medium, with acousto-optic modulators (AOMs) inside the laser cavity for wavelength tuning.
Prior wavelength agile CO, local oscillators had used mechanical tuning of diffraction
gratings, which tended to be unstable at high PRF operation (> 20 Hz), due to the mechanical
settling time of the moving grating fixture. The WALO utilized paired AOMs to achieve high
PRF, stable wavelength agile operation. Since the AOMs utilize acoustic waves to change the
wavelength of light transmitted, the tuning time limit was determined by the propagation time
of the acoustic wave in the transverse direction across the AOM, and the stabilization time of
the CO, laser into CW operation. Tuning rates of 500 Hz were demonstrated with the WALO,
which was well beyond the tuning capability of the transmitter laser used in the HD/DD DC
experiments. Tuning rates of many kHz have been demonstrated by other research groups
utilizing AOMswith CO, waveguide lasers, so the tuning rates used for the WALO are not at
the limits for this type of technology. Since there are no moving parts in the design, the
WALO is relatively robust, and well suited to operation in both field and airborne
environments.

E. Heterodyne Receiver

The CROSS heterodyne receiver is shown in Figure 7. The receive signal and WALO beams
are combined using a beam splitter, and are focused onto a 0.100 mm x 0.100 mm sguare
HgCdTe detector with a bandwidth of 800 MHz.
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Figure7. Layout of heterodyne receiver with Wavelength Agile Local Oscillator
(WALO).

F. Gas Cell

The gas cell used inthe HD/DD DC experiments (see Figure 8) isa4’ x 4 x 4 auminum cube,
with IR-transmissive polyethylene windows on two sides. The gas cell was designed for both

gas and liquid chemical insertion. Gas valves are incorporated into the side panels, and a
funnel mechanism with heated Petry dish is mounted on the top panel to evaporate chemicals

inserted in liquid form. Fans are mounted inside the cell to provide uniform mixing of the
chemicals inserted. The cell has been used with gaseous sulfur hexafluoride (SF¢), gaseous
ammonia (NHs), and liquid ammonium hydroxide (NH,OH). For the HD/DD DC experiments,
only the chemicals in gaseous form (SFs and NH3) were used. Insertion of gaseous chemicals

was performed by filling sample cylinders with pure gas to above the ambient atmospheric

pressure. The sample cylinders were connected to valves on the side of the gas cell (note
sample cylinder attached to valve on right side of cell in Figure 8 photo), which were opened
at the desired point in the experiment to insert the excess pressure from the sample cylinders

into the cell. After afew secondsthe valves were again closed, to prevent all of the gasin the
sample cylinders from leaking into the cell. Although thisinsertion procedureis not extremely

precise, it provides a relatively simple method to achieve reasonably predictable and

repeatable results. From viewing the DIAL absorption plots, it appears that the internal cell

fans cause complete mixing of the chemicalsin the cell within 10 sec. The quick-release door
panels were removed to rapidly evacuate the inserted chemicals between data sets.
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Figure 8. Photograph of 4 x 4’ x 4’ gascell.

G. Target Sites

Target sites at one-way ranges of 4.320 km (4KS), 7.460 km (7KS), and 14.9 / 15.3 km (15K S)
were developed for use in the HD/DD DC experiments. Other target sites were also available
a approximately 2 km (2KS), 5 km (5KS), and 6 km (6KS), but were not used in the HD/DD DC
experiments, other than for alignment purposes. Figure 9 shows the beam paths from the
transmitter location in Building 770 (B770) on Kirtland AFB, to the various target sites. The
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Flgure9 Topographic map with beam paths (blue arrowed lines) from B770 to 2KS,
4KS, 5KS, 6KS, 7KS, and 15K S sites. The elevation profile from B770 to the
15K Starget is shown below the map.
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Figure 10. Beam height and elevation profile from B770 to the 15K S target.

propagation pathsto al of the target sites were within 5° of horizontal, and within 200 m of the
ground at all locations along the paths. The elevation profile from B770 to the 15K S target is
also shown at the bottom of Figure 9, and is representative of the general elevation profile
characteristics for al of the target sites. A more detailed plot showing the beam height and
elevation profile from B770 to the 15K S target is given in Figure 10. A weather station was
operated next to B770 to provide atmospheric pressure, temperature, and humidity
measurements during the experiments. This information was input into HITRAN-PC, which
was then used to cal cul ate the expected atmospheric transmission along the propagation path.

Photographs of the target sites are shown in Figures 11-15. Figure 11 shows blueboard and
flame-sprayed aluminum (FSA) targets at the 2K'S site used for pointing alignment and system
calibration. Figure 12 shows the blueboard and berm area targets at the 4KS site. At thetime
the photograph in Figure 12 was taken, only a single blueboard target was present. In early
April 2003 another blueboard target using non-weathered blueboard panels was constructed
and placed between the old blueboard target and berm illumination locations. Aluminum
alignment targets and the berm illumination area for the 7KS site are shown in Figure 13. The
15K'S blueboard target is shown in Figure 14. Two different 15KS target sites were used
during the HD/DD DC experiments. The first 15K S site was |located at ~ 14.9 km, and was used
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until the end of 2002. The second 15K S site was located at ~ 15.3 km, and was used starting in
2003. The great majority of the experimental measurements were conducted using the second
site, and all 15K S information given in this report pertains to this location, unless specifically
stated otherwise. A photograph of the propagation path from B770 to the 15K S target board
isshown in Figure 15.

Figure 11. Photographs of left and right sides of the 2K S site, showing the blueboard
target (left, 8 x 8) and flame-sprayed aluminum (right, 4’ x 4') calibration
targets.

Figure 12. Photograph of 4KS target site, showing blueboard target (right of
photograph) and approximate berm illumination area (yellow circle, not
exactly to scale). In April 2003 a second target using non-weathered

12



blueboard panels was constructed and placed on the berm (yellow
rectangle).

Figure 13. Photograph of 7K S target site, showing aluminum (right) and plywood (left)
calibration/pointing target boards and approximate berm illumination area
(yellow circle, not exactly to scale).

13



Figure 15. Photograph of propagation path from B770 to 15K S blueboard target.
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Panels of blueboard insulation (8" x 4’ x 2") were specialy prepared for use at the target sites.
The preparation method consisted of removing the external extruded surface using a 120-grit
belt sander, thereby exposing the diffuse high reflectivity internal material. It was necessary
to remove the external surface on all surfaces to prevent warping of the blueboard sheets.
The dimensions of the blueboard target at the 4KS site were 12' long by 8 wide', and the
target was placed at approximately a 60° angle of incidence, resulting in a 6' long x 8 wide
target cross section. The beam diameter at the 4KS target is approximately 4' (285 nrad full-
angle divergence in output space) to the second null of the transmitted beam far-field
distribution, which includes ~ 85% of the total beam energy. The blueboard target at the 15KS
sitewas 24’ length x 16" width at a 45° angle of incidence, resultingin al7’ x 16’ target cross
section. The beam diameter at the 15K S target is approximately 9" to the second null of the
far-field distribution.

Dirt berms were also used as targets at the 4KS and 7KS sites. The dirt berm reflectivity,
calculated from calibrated direct detection measurements at the 4KS site, was determined to
approximately match a Lambertian reflector with a total reflectivity of 3%, for angles from
normal to near grazing incidence. For the approximate incidence angle of 60° for the berms, the
reflectivity is therefore approximately 0.005 sr'. The blueboard and berm solid-angle
reflectivities are given in Table RR1 for the various target angles used in the HD/DD DC
experiments. The blueboard provides a high reflectivity for 10 mm radiation, and the
reflectivity does not decrease as quickly with increasing incidence angle as would occur for a
Lambertian target. It should also be noted that the blueboard reflectivities were measured in
the laboratory immediately after the blueboards were prepared. The radiometric results which
will be presented later in this report suggest that the blueboard reflectivity decreased
significantly as the boards weathered, since they were continuously exposed to the outside
elements once they were installed at the target sites. Laboratory reflectivity measurements
have not been conducted on the weathered blueboards.

Table2. Blueboard and dirt ber m reflectivities

Target Incidenc | Reflectivity

Material e (s
Angle

Blueboard (0 0.04

Blueboard 45° 0.070

Blueboard 60° 0.064

Dirt berm 60° 0.005
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3. Transmit and Receive Temporal and Frequency Characteristics

A detailed understanding of the temporal and frequency characteristics of the laser transmit
and receive signal is required to develop accurate analysis procedures. The modelocked
(spread spectrum) operation implemented to provide speckle mitigation in the heterodyne
DIAL measurements differs significantly from the more commonly used single-mode
heterodyne technique, and necessitates more demanding system requirements (primarily the
ability to record wideband heterodyne signals, rather than narrowband signals centered on
the heterodyne intermediate frequency). The signal-to-noise ratio (SNR) advantages of
narrowband operation can be recovered in post-processing of the wideband signals, because
of the frequency-fence structure of the laser modes. As will be shown, the laser frequency
modes are narrow, and occur at spacings determined by the laser cavity length, alowing the
processing bandwidth to be reduced to only those regions where the return signal occurs.
Since most of the measurements reported in this paper have reasonably good heterodyne SNR
values, this processing bandwidth reduction was studied, but was not implemented for the
analysisresults presented.

A. Modelocked Characteristics

The temporal and temporal frequency characteristics for a single outgoing modelocked |aser
pulse are shown in Figure 16. The outgoing (monitor) pulse characteristics were captured
using direct detection of a small portion (< 1%) of the outgoing beam energy. Figure 16(a)
shows the common CO, laser temporal pulse shape, which is composed of a gain-switch spike
and a relaxation tail. An expanded view showing the modelocked pulse train is given in
Figure 16(b). The tempora frequency power spectrum showing the multiple cavity
longitudinal modes for the direct detection monitor pulse is shown in Figure 16(c). The
modelocked characteristics are achieved by placing into the BBO laser cavity an acousto-
optic modulator (AOM) with a sinusoidal variation which matches the cavity round-trip time.
The AOM sinusoidal variation forces the laser cavity longitudinal modes to be in phase with
each other, resulting in the modelocked temporal pulse train. Modelocking also tends to
generate more longitudinal cavity modes with more stable amplitudes than allowing the laser
to free-run with multiple longitudinal modes (as will be seen in Figures 19 to 21). The
variations from perfect theoretical modelocking operation seen in the BBO laser pulses are
believed to result mainly from the gradual degradation of the optical coatings on the intra-
cavity AOM. The AOM was coated primarily for operation at 11.15 mm (*C*°0, 10P20), but
was primarily used in the HD/DD DC experiments over the wavelength range 10.25 to 10.70
mm. In addition, the AOM is an element in an open-air laser cavity, and is thereforein a high
energy density region which is not completely protected from dust particles and
contaminants. An increase in the visible degradation of the optical coating and in the
difficulty in obtaining optimal modelocking operation was noted during the progress of the
experiments, starting with the insertion of the modelocker in January 2002, and continuing
until the final experimentsin August 2003.
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The received temporal heterodyne signal for modelocked operation is shown in Figure 17(a),
with an expanded version shown in Figure 17(b). Since the transmitted modelocked laser
beam contains multiple longitudinal modes, the transmit laser and local oscillator were not
frequency locked, and multiple intermediate frequencies (up to 100's of MHz) are present in
the heterodyne signal. The heterodyne modulation of the modelocked micropulses is
especially evident in Figure 17(b).

Monitor Temporal Pulse Monitor Temporal Pulse

)

Monitor Temporal Signal (a.u
Monitor Temporal Signal (a.u.)

20 25 30 35 40 45 0 269 270 271 272 27.3 27.4
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Figure 16. Modelocked laser temporal pulse (direct detection). (a) entire pulse
waveform, (b) expanded time scale, (c) temporal frequency spectrum.
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Heterodyne Temporal Pulse Heterodyne Temporal Pulse

)

Heterodyne Temporal Signal (a.u
Heterodyne Temporal Signal (a.u.)

Figure 17. Heterodyne receive signal from a modelocked laser pulse. (@) entire pulse
waveform, (b) expanded time scale.

Heterodyne temporal frequency spectra for modelocked operation are shown in Figure 18.
The superimposed heterodyne spectra of the signal and local oscillator [calculated from 70-83
ns in Figure 17(a)] are shown in Figure 18(a). The homodyne spectra for the local oscillator
[calculated from 61-66 ns in Figure 17(a)], with the DC component removed, are shown in
Figure 18(b). The local oscillator output actually consists of a dominant single longitudinal
cavity mode, with two smaller features, which are denoted as ‘spurs'. The spurs occur at the
single and double AOM frequency shifts (approximately 77 and 154 MHz). They are believed
to result from slight impurities in the local oscillator dual intra-cavity AOMs, which causes
some of the unshifted (in wavelength) beam to be scattered into the direction of the shifted
beam. Since this can happen in both of the AOMs, the local oscillator output can consist of
three freguencies, the desired frequency, a single-shifted frequency, and a double-shifted
frequency. The exact frequency shifts are slightly different for each local oscillator
wavelength, since the AOM frequency shift required is dependent upon the output
wavelength desired.

18
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Figure 18. Heterodyne receive signal temporal spectra from a model ocked laser pulse.
(a) signal + loca oscillator, (b) local oscillator only, (c) normalized signal

[(signal + local oscillator) / (local oscillator)].

The optical power in the spurs is more than 3 orders of magnitude less than that in the main
local oscillator output, and would not be evident in most heterodyne measurements. In many
laboratory or short-range heterodyne measurements, the return signal level would be much
higher than that in the spurs. Also, for many heterodyne systems a single longitudinal mode
transmitter is used, and the intermediate frequency and associated receiver passband would
be significantly lower than the first spur frequency. In the case of the HD/DD DC
measurements, however, wideband heterodyne detection is required because of the multiple
longitudinal mode (MLM) nature of the transmitter, and the received signal optical power
levels are of the same order of magnitude as those of the local oscillator spurs. A number of
physical methods to eliminate or significantly reduce the spurs were studied, but it was
determined that a simpler and less costly option was to remove the spurs in the processing
agorithms. The normalization procedure used for spur removal is described in more detail in
the data processing section. It should also be noted that the noise level evident in
Figure 17(a) is mainly caused by the 154 MHz beating of the main LO freguency component
with the second spur, and not by the local oscillator shot noise.
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The heterodyne signal temporal frequency power spectrum for modelocked operation is
shown in Figure 18(c), after the normalization procedure has been applied. As seen in the
Figure, the local oscillator spurs at approximately 77 and 154 MHz are removed by the
normalization procedure, and only the transmit laser cavity modes are present. The laser
cavity modes are separated by approximately 44 MHz, which corresponds to the cavity round-
trip time (~ 23 nsfor a 3.4 m laser cavity length). The double peak nature of the frequency
modes in Figure 18(c) is believed to result from the DC wrap-around inherent in the
periodogram computation process, with the negative frequency modes happening to nearly
fall back onto the positive frequency modes. Multiple-peak modes can also result from the
transmit laser containing some multiple TEM output, but thisis not believed to be the casein
thisinstance.

B. Non-Modelocked Characteristics

The temporal and temporal frequency characteristics for a non-modelocked output pulse are
shown in Figure 19, similar to the presentation in Figure 16 for a modelocked pulse. The gain-
switch spike and relaxation tail are again evident. A small after pulse (at 39-40 ns in the plot),
probably resulting from continued RF pumping during the pulse and incomplete cavity
dumping, is also present for this specific pulse. The expanded scale in Figure 19(b) shows a
significant difference between non-modelocked and modelocked operation. The effects of
MLM operation are evident in the partial micropulse temporal structure, but the pulses are
overlapped rather than distinct because the longitudinal cavity modes are not phase matched,
as is the case in modelocked operation. The frequency modes are shown in Figure 19(c).
Multiple modes are present, but as seen in comparison with Figure 16(c), there are fewer
modes for non-modelocked operation, with a more rapid decrease in amplitude away from the
main mode. This mode structure indicates that non-model ocked operation will result in some
speckle mitigation, but not as much as for model ocked operation.

The heterodyne receive signal from the non-modelocked pulse is shown in Figure 20. The

heterodyne modulation is evident in Figure 20(b), and follows the pulse envelope seen in
Figure 19(b).
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Figure 19. Non-modelocked laser temporal pulse (direct detection). (@) entire pulse
waveform, (b) expanded time scale, (c) temporal frequency spectrum.
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Figure 20. Heterodyne receive signal from a non-modelocked laser pulse. (@) entire
pulse waveform, (b) expanded time scale.
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The heterodyne signal spectra for non-modelocked operation are shown in Figure 21, in
similar fashion to that for modelocked operation shown in Figure 18. In this case, the
normalized spectrum shown in Figure 21(c) shows the effect of the DC wrap-around, where the
set of frequency modes marked as (1) can be considered as the positive frequency modes, and
those marked as (2) can be considered as the wrapped negative frequency modes. With this
unwrapping, it can again be seen that the frequency mode spacing is approximately 44 MHz,
as expected. Comparing Figure 21(c) and 18(c), it can be seen that the modelocked spectrum
contains more modes with higher amplitudes than the non-modelocked spectrum, indicating
that model ocked operation will result in agreater degree of speckle mitigation.
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Figure 21. Heterodyne receive signal temporal spectra from a non-modelocked laser
pulse. (a) signa + local oscillator, (b) local oscillator only, (c) normalized
signal [(signal + local oscillator) / (loca oscillator)].



4. Data Analysis and Results

A. Overview

As described previously, the development of the Coherent Remote Optical Sensing System
(CROSS) began in October 1998, as the Laser Airborne Remote Sensing (LARS) program was
nearing completion. Equipment development, laboratory system characterization and DIAL
measurements, and preliminary open-air measurements were conducted during 1999, 2000, and
2001. Although the system continued to be upgraded and improved, the system components
remained essentially the same after the HD/DD DC measurements began in February 2002.
The data sets included in the radiometric, DIAL, and system characterization analyses for this
report are shown in reverse chronological order in Appendix A, Table Al

B. Radiometric Theoretical Analysis

The differential absorption lidar (DIAL) technique utilizes the variations in absorption at
different interrogation wavelengths to determine a ‘ spectral fingerprint’ in order to detect and
quantify chemicalsin the laser path. In the simplest scenario, this can be thought of as atwo-
wavelength system, with one wavelength tuned to an absorbing feature of achemical, and the
other wavelength used as a reference which is not absorbed. In a more general and realistic
scenario, the DIAL problem can be posed in terms of using a sequence of N laser wavelengths
to determine the concentrations for M chemicals. For the genera case, the commonly
presented 2-wavelength DIAL approach may not be usable, since the absorption of one
chemical may interfere with either the on- or off-absorption wavelength of another chemical. It
should be noted that conceptually there is no difference in the DIAL technique between
measuring the concentrations (see Eq. 1) of the M, atmospheric and M, target gases,
athough more laser wavelengths are required to measure more gases. In the HD/DD DC
experiments, the M, contributions were determined by measuring the atmospheric pressure,
temperature, and humidity, and determining the expected atmospheric transmission (t,) using
an atmospheric model (HITRAN-PC). The DIAL equation for using N laser wavelengths to
measure M (specifically M ;) target gases can be written in the following form

£ (1) = EL (1), (1 o ()W, (1) Gexp 2k o1 )G (RYRE
a=1 e 0 (%]

M R N
3 epe 20k (1 ) Crn (RYARE 6
m=1 e 0 (%]
- Ao Mm
= (1)he (1) ot (1)=5t2(1)0 (1) O exp(- 2k (1)(CL) )
R m=1
where E, = return energy incident on detector
laser transmit energy

m
-
1
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hy = system optical transmission efficiency

hoy = overlap factor for transmitted beam footprint at the target, target size, and
receiver field-of-view

r = ground reflectivity (per solid angle)

w = solid angle subtended by the receiver

h; = system optical receiver efficiency

Mg = total # of absorbing atmospheric gases

Ka = absorption coefficient of a" atmospheric constituent

Cy = concentration of a" atmospheric constituent

Mm = total # of absorbing target gases

Km = absorption coefficient of m" target gas

Cm = concentration of m" target gas

A, = areaof receiver

R = one-way range from transmitter to target

ta = one-way atmospheric transmission (includes absorption of al M,

atmospheric constituents)

R
(cL),, = oCm(RYdRY, concentration-length product for m" target gas.
0

The above equation assumes a hard target is providing the return signal, and therefore a
column-content measurement is being made. If adistributed target, such as the atmosphere or
aerosols, provides the return mechanism, the received signal will be spread in time, and a
range-resolved measurement will be made. The chemometric analysis is performed similarly
for both column-content and range-resolved measurements, but must be done for each range
window in the range-resolved case. Most long range systems utilize column-content
measurements because of the significantly larger return signal level occurring from hard
targets as compared to atmospheric or aerosol backscatter.

C. Direct Versus Heterodyne Detection Signal Processing Issues

The differences in the physics of the detection processes between direct and heterodyne
detection requires a complete and accurate understanding of the signal processing techniques
that are used. Oneissue that needsto be considered in the heterodyne detection case, is that
the commonly derived heterodyne SNR relation

P.) 1
SNRyp =hge <hrr1> B @
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for continuous wave heterodyne operation is not directly applicable to the case of a pulsed
laser, where the signal will be integrated to provide a result proportional to the received
energy E.

In the case of direct detection, the relationships between the current out of the detector Ipp,
the instantaneous power received P,, and the received energy E, are given by

oo ()1 e (O @ar(t)cos(wt+ ) @jaf* =P (1)

©)
Upp = 0 lpp (t)dtu o R (t)dt=E,
DT DT

The measured value Upp, is the parameter required for both radiometric and DIAL analysis.
Since it is proportional to E, it is then also directly proportional to the total transmission of
the target gases of interest. The processing is actually more complicated than the simple
relation givenin Eq. 3, but the key relationship between Upp and E, is retained. The details of
the processing are given in Appendix C, where the code for the primary direct detection
Matlab calculation program DATREDUC.m is reproduced.

Determining an equivalent heterodyne parameter U, to the direct detection parameter Upp is
significantly more complicated. There are many different ways to calculate a Upp parameter
for heterodyne detection, all of which are valid (but not necessarily optimal) aslong as U,y is
directly proportional to the received energy E. In the case of heterodyne detection, the
current out of the detector is given by

2 . N
lup (t) 1|g (1) +eLo (1) =|ar (t)cos(wit +] ) +a o (coswiot +] o))
@|ar(t)|20052(wrt+j )+ 2ay (t)a ocos(wit+] ) cos(wiot+] o)
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1 2 1 , . . .
@§|ar(t)| +§|aLO|2+2|ar(t)aLO|C°5€(Wr -wio)t+(i r-iLo)H

@R (t) +Ro +2\/R (t) Ro cosg(wr - wio)t+(i r-  Lo)d
@,\[R (t) Ao cosg(wi - wio)t+(i r- j Lo)Bl

The above derivation uses the facts that the heterodyne detector does not respond at optical
frequencies, that the detector or electronics will not pass baseband (DC) signals (thereby
removing the P_o contribution), and that the local oscillator power P o is significantly larger
than P, (thereby removing the P, term). The above relation has been significantly simplified,
and a more compl ete relationship would need to include the contribution of the LO spurs, as
seen previously in Figures 18(a) and 21(a). Since the optical power in the LO spursis of the
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same order of magnitude as the received instantaneous power R, the beat contribution
between the spurs and the main LO mode is also present in the detector output, and occurs at
harmonics of the AOM shift frequency (approximately 77 and 154 MHz). The presence of the
LO spurs led to the construction of a customized processing technique designed to remove
their effect in the calculation of Uyp.

The calculation of Uyp is primarily based upon the use of the power spectral density of Iyp.
The power spectral density Ss.y Of Iyp is computed over a temporal window where the return
and local oscillator signals are present, and a separate power spectral density Sy is computed
over a temporal window where the local oscillator but no signal is present. Uy is then
calculated from the integration over temporal frequency space of the point-by-point
normalization of Ss,y by Sy

i 2
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Utilizing Rayleigh’ s energy theorem, it can be shown that U is thereby directly proportional
to E, as desired. The factor Ngye is termed the excess noise factor, and results from the fact
that point-by-point normalization is a biased processing procedure, due to the nonlinearity of
the division operation. It can be shown that in the case of no signal, for the parameters used
in the heterodyne processing shown in this report, the division of two random noise signals
results in a value of 1+Ngye Of approximately 1.150, as compared to a vaue of unity for an
unbiased processing procedure. Ngyne is strictly a function of the heterodyne SNR, with Neye
approaching zero at higher SNRs. Since the Ngye correction is more important at low SNRs
than at higher SNRs, a constant value of Ngye = 0.150 corresponding to the no signal case was
used in the processing. The details of the heterodyne processing are also given in Appendix
C, where the code for the primary heterodyne detection Matlab calculation program
DATREDUC_HD_X3.misreproduced.

D. Chemometric Theoretical Analysis

The chemometric processing is performed in exactly the same manner for both direct and
heterodyne detection, since the computed parameters Upp, and Upp are both directly
proportional to E, and therefore to the total transmission of the target gases of interest. The
most accurate and least complicated method to isolate the absorption caused by M target
gases is, if possible, to perform the same measurement in the absence of the target gases as
will be performed with the gases present. The initial step in the analysis procedure is to
normalize the receive energy by the transmit energy. The data are then background
normalized by ano-gas spectrum, leaving the spectral transmission from the target gases only.
For a sequence of N laser lines and M absorbing gases, the set of equations used in the
chemometric analysis can be written as
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where T(I ;) isthetotal transmission at wavelength | ; including the contributions from all of
the target gases.

A matrix equation which is linear in the unknowns CL (gi) is formed by taking the logarithm
of each equation

En(T(12) U ek(lpg) k(16) L k(110m) UECL(g) U
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Applying singular-value decomposition (SVD) matrix analysis or other techniques to the
above equation provides asolution ¢ for the CL (g;) . Some of the advantages of the above

chemometric analysis are that all chemical concentrations are solved for simultaneously, and
that all of the spectral information available is used in the analysis. These characteristics
provide definite improvements over the conventional 2-line DIAL analysis for handling
chemicals with overlapping spectral features. Some inaccuracies have been noted for
chemicals with overlapping spectral features when using the basic SVD analysis, but it is
believed that applying a scheme to de-weight these wavelengths is feasible, and would
improve the accuracy of the chemometric results.

E. Radiometric Results
The direct detection radiometric results, presented as the ratio of the expected return signal to
the actual return signal (Fpp =U%p /Upp) are shown in Figure 22. The results are from

experiments conducted on different days using both modelocked and non-modelocked
waveforms, and are separated into groups for the four different targets used. Target #1 was
the earth berm located at the 4KS site, Target #2 was a highly weathered (2-year exposure)
blueboard target at the 4KS site, Target #3 was a moderately weathered (2-month exposure)
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blueboard target at the 4K S site, and Target #4 was the 7K S earth berm. Data points that were
obvious outliers have been removed from the plot. As seen in the Figure, there is very good
agreement between the measured and predicted values (within afactor of 1 — 2.5) for the 4 km
and 7 km topographic targets. This agreement level is reasonable, considering that the DIAL
measurements had the most emphasis, and the radiometric characterization was therefore not
as extensive as had been conducted in past experiments. Previous precise radiometric
measurements on the direct detection system conducted in 1998 illustrated that the level of
radiometric agreement achievable with the system fully optimized was within a factor of 1 to
1.4.* The discrepancies seen in Figure 22 for the blueboard targets are most likely caused by
inaccuracies in the assumed blueboard target reflectivity. The simulation results used
reflectivity values from measurements of the blueboards immediately after they were
fabricated, and before being continuously exposed to the outside elements. The blueboard
reflectivity is expected to decrease as the target material weathers and blueboard dust
particles build up on the surface, and is a reasonable explanation for the results from the
blueboard targets. The previous measurements in 1998 were conducted immediately after the
blueboard targets had been fabricated and characterized, and both blueboard and berm return
signals agreed with predictions within the factor of 1 — 1.4 mentioned previously.
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Figure 22. Direct detection radiometric results.
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The heterodyne radiometric results are shown in Figure 23. Similarly to the direct detection
results, the ratio of expected to measured return signal Fyp = L%L,D /Uyp iscomputed. This

ratio is further normalized by the direct detection ratio Fyp, in order to remove any errors
caused by inaccuracies in the assumed reflectivities. Data points that were obvious outliers
have been removed from the plot. As seen in the Figure, the heterodyne return signal is
within a factor of approximately 6 to 20 of the expected value. The heterodyne return signal
simulation includes heterodyne efficiency and signal reduction factors resulting from beam
pattern mismatch between the LO (uniform) and return signal (Airy)>®; distortion of the return
signal phase front by atmospheric turbulence (assuming a relatively high turbulence level of

Cﬁ =10 B m-% 3)7; and loss of signal caused by transmitter beam (pointing) jitter. Factors

which were not able to be measured and are not included in the simulation include non-
uniformity in the detector quantum efficiency (probably a negligible factor); misalignment of
the transmitter footprint and receiver field-of-view (also probably a negligible factor); phase
front curvature from misfocusing of the heterodyne receiver telescope (also probably
negligible); and angular misalignment of the LO and receiver signal on the detector (possibly a
factor of ~2 reduction). It should also be noted that the results of Frehlich and Kavaya [1991]
suggest that the coherence | oss factor caused by atmospheric turbulence may be significantly
worse than that given by Clifford and Wandzura [1981] * and used in this paper.
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Figure 23. Normalized heterodyne radiometric results.
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Overall, the difference between the expected and measured heterodyne signal levelsis larger
than expected, but not significantly, and could most likely be significantly reduced with a
more precise system optimization. The best agreement noted to date between expected and

actual return heterodyne signal levels for comparable systems is a factor of ~4°, with most
systems reporting a 5 — 10 dB (factor of 3 — 10)''?" reduction. With the possible loss
factors not included in the analysis of the CROSS system, and the added complexity inherent

in afully wavelength-agile heterodyne system, areduction factor of 6 — 20 compares favorably

with the previous reduction factors from other researchers of 3- 10.

F. Chemometric Results (Case Studies)

The absorption spectra for SFg and NH; are shown in Figure 24. The x’s indicate the
absorption coefficients for the chemicals at the specific wavelengthsin the 10R and 10P bands
for the *C'®0, laser isotope being used for the experiments. SF¢ has a broad absorption
feature, which will affect most of the 10P laser lines. NH; has a much narrower absorption
spectrum, and has its only significant absorption on the 10R14 laser line. For the HD/DD DC
experiments, only 3-4 of the 10R lines shown on the plot (between ~ 969-982 cmi*) were used in
the laser sequence.
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Figure 24. Absorption spectra overlap with ?C'°0, |aser wavelengths for SF and NH.

The results from the HD/DD DC tests using the spread spectrum (modelocked) transmit
waveform and the diffuse blueboard target at the 4 km site are shown in Figure 25. The
absorption plots for both the direct detection and heterodyne return signals are shown on the
left of the Figure. The horizontal axisin these plots corresponds to time, while the vertical axis
shows the laser wavelengths transmitted. From sequences 1 to 40, there was no SFg present
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in the absorption cell. Around sequence 40, afirst SFq insertion was made, and a second SFg
insertion was made near sequence 70. The SF¢ absorption signature is seen clearly in both of
the absorption plots, although the direct detection plot is cleaner. Rough calculations of the
expected single shot SNR give a direct detection SNRpp ~ 5, resulting from speckle spatial
averaging, and a heterodyne single shot SNRp ~ 2.5, resulting from approximately 6 effective
modes in the transmitted modelocked spectrum. After the DIAL processing techniques are
applied, the SNRs shown in the absorption plots become SNRpp ~ 14 and SNRyyp ~ 7. The
graph on the bottom right of the Figure shows the computed concentration-length (CL)
products as a function of time for both techniques. The table on the top right summarizes the
measured CLs in each of the three reference / insertion regions. The results from the two
detection techniques differ by less than 12%, which is reasonably good agreement given the
number of uncontrolled variablesin the experiment.

The results from the HD/DD DC tests using the spread spectrum (modelocked) transmit
waveform and the topographic target at the 7.5 km site are shown in Figure 26. The Sk
insertion timeline is essentially the same as that described for Figure 25. The SFg signature is
again evident in both of the absorption plots. The expected single shot SNRs are the same as
for the 4 km measurements (SNRpp ~ 5 and SNRp ~ 2.5). After the processing techniques are
applied, the SNRs become SNRpp ~ 14 and SNRyp ~ 5, indicating that the direct detection
results are similar at both ranges, and the heterodyne results were slightly degraded at the
longer range. In this case, the results from the two detection techniques differ by less than
20%, which is still reasonably good agreement.
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Figure 25. Results from the 020926 experiment using the blueboard at the 4 km site.

31



Q%J HD/DD DIAL Comparison Test
wr# 020926_000T2D (Modelocking On, 7KS Berm)

S A e
Sequences Measured CL Measured | Expected
(ppm-m) Dp (psi) Dp (psi)
s Reference 5-35 0.02 +0.58 (DD) - -
3 0.30 +1.68 (HD)
o] -
2 Insertion 50 - 65 6.13 +0.60 (DD) 2.7 (OD) 3.0
S #1 7.65 +0.97 (HD) 33 (HD)
]
o Insertion 80-95 11.71+ 0.72 (DD 5.1 (DD) 6.0
=] #2 13.02+ 1.71 (HD) 5.7 (HD)
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Figure 26. Resultsfrom 020926 experiment using topographic returns at the 7.5 km site.

Results from a dual insertion of SFg and NH; are shown in Figure 27. The SF¢ was inserted
around sequence 40, and the NH; was inserted near sequence 70. Asshown in Figure 24, Sk
exhibits absorption on most of the 10P laser lines, while NH 3 has significant absorption only at
the 10R14 wavelength. The CL values for SFs and NH; measured with both the direct
detection and heterodyne receivers are shown on the plot.
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%J HD/DD DIAL Comparison Test 030416_T2D
(SF6 + NH3, Modelocking On, 7KS Berm)

¥
Sequences Measured CL Measured | Expected
(ppm -m) Dp (psi) D (ps)
Reference [ 5-35 ;0,99 122 (0D SF) - -
= -0.18 +148 (HDx3 SF6)
S
3 -2 +88 (DD NH3)
g -6+ 145 (HDx3 NH3)
Z Insertion | 50 -95 7,53+ 2.18 (DD) 3.3 (DD) 43
3 #1 (SF6) 7.25+ 1.28 (HDx3) | 3.2 (HDx3)
[a] Insertion | 80 -95 416 +51 (DD) 9.1 (DD) 10.0
#2 (NH3) 516+ 160 (HDx3) | 11.3 (HDx3)
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Figure 27. Resultsfrom 030416 dual SFs and NH; experiment using topographic returns
at7.5km.

Heterodyne and direct detection DIAL results using the blueboard target at a range of 15 km
are shown in Figures 28 and 29. The direct detection DIAL results are significantly noisier
than at shorter ranges, which is expected since at longer horizontal ranges the direct detection
system is signal-limited, and is therefore no longer in the speckle-limited regime. The direct
detection signal level for the 030612 data set is extremely low, which causes significant errors
in the DIAL intermediate normalization processing algorithm, and appears as the physically
incorrect result of the measured absorption being saturated. The heterodyne DIAL results
also show some degradation, but not to as great an extent as the direct detection results,
which indicates that the heterodyne system is still operating in the speckle-limited regime, as
expected.



HD/DD DIAL Comparison Test
021218_T3D (Modelocking Off, 15KS BB)

Sequences Measured CL Measured | Expected
pm-m) Dp (psi) Dp (ps)
Reference 5-35 0.04 +1.00 (DD) - -
= 0.33 +1.36 (HDx3)
S
g Insertion 50 - 65 4.37 +1.36 (DD) 1.9 (DD) 30
g #1 592 +1.24 (HDx3) | 2.6 (HDx3)
° Insertion 80 - 95 7.61 +1.98 (DD) 3.3 (DD) 60
3 #2 9.68 +1.98 (HDx3) | 4.2 (HDx3)
a
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Figure 28. Results from the 021218 experiment using the blueboard at the 15 km site.

HD/DD DIAL Comparison Test 030612_T3D
(NH3 + SF6, Modelocker On, 15KS Blueboard)

Sequences Measured CL Measured | Expected
M Vi (ppm -m) Dp(psi) | Dp (ps)

P Reference [ 5-35 0.79 +4.45 (DD SF6)
N l" % 0.10 +2.03 (HDx3 SF6)
5 1 1Y " H' 70 +265 (DD NH3)
g l i i 9 36 +313 (HDX3 NH3)
g Insertion | 50 -65 25.48 +3.11 (DD) 11.1(DD)* 45
= x #1 (SF6) 10.03 +253(HDx3) | 4.4 (HDx3)
4 Insertion | 80 -95 1676 +399 (DD) 36.6 (DD)* 10.0
o] #2 (NH3) 277 + 305 (HDx3) 6.1 (HDx3)
*Low signal level, error induced saturated absorption
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Figure 29. Resultsfrom the 030612 dual SFs and NH; experiment using the blueboard at
15km.




G. Chemometric Results (Compilation and Comparisons)

This section will provide a summary of the DIAL chemometric results for the HD/DD DC
experiments. Detailed results for al of the primary HD/DD DC experiments are shown in
Appendix B. The expected and measured concentration-length (CL) products from all of the
HD/DD DC data sets used in this report are shown in Figure 30. Prior to March 2004 (~ Day
#60), the common experiment technique was to begin data collection with no gas in the cell,
then add SFg approximately 1/3 of the way through the data set, and then add more SFg
approximately 2/3 of the way through the data set. The initial SF¢ insertion CL measurements
are shown in blue in the Figure, with the second SF¢ CL measurements shown in green. After
March 2004, the experiment technique was changed to normally have the first insertion with
SF (shown in blue), and the second insertion with NH3; (shown in red). The dashed lines on
the plots have no significance, but are shown to more clearly indicate the different gas
insertions. To reduce clutter from overlap of the symbols on the plot, measurements from the
4K S blueboards (4KS BB) were shifted left by %2 day, and measurements from the 7KS berm
were shifted right by %2 day.
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Figure 30. Expected and measured CL values from HD/DD DC experiments.



Although there is a significant amount of scatter in the results shown in Figure 30, a few
general conclusions can be drawn. During the time period of these measurements, both the
heterodyne and direct detection DIAL systems were being continually improved, both with
respect to the equipment, and to the alignment and experimental procedures. This is
evidenced by noting that prior to March 2004, the measured CL results were significantly
lower than the expected values, and the measured CLs never significantly exceeded the
expected values. After March 2004, the measured CLs still tended to be lower than the
expected values, but were closer to the expected value, and sometimes exceeded it. This
improvement continued until the final measurements made in August of 2004.

It is believed that the measured CL’s being consistently lower than expected probably results
from a systematic error, possibly from inaccuracies in the gas insertion procedure or from
errors in the compensation of the spectral absorption coefficients for the experiment
atmospheric pressure and temperature. Since the primary purpose of the HD/DD DC
experiment series was to compare heterodyne and direct detection DIAL, relative results were
emphasized, and extraordinary efforts were not made to calibrate the system for absolute
accuracy. Previous measurements of SFg, NHs;, and Freon R-134A made during ground tests
in 1998* with only the LARS direct detection DIAL system showed slightly more accurate
DIAL results than achieved with the HD/DD DC direct detection measurements. The more
accurate results in 1998 were possible primarily because only a single system and single target
were being used, allowing more meticulous alignment and system calibration. The more
complex nature of the HD/DD DC experiment reduced the capability to optimize all of the
system components simultaneously, and would be expected to result in reduced DIAL
measurement accuracy. Even with the slightly reduced accuracy, the comparisons between
the heterodyne and direct detection DIAL results are still valid and provide the key
information required to analyze and compare the capabilities of the techniques.

To better study the effects of the various system parameters on the DIAL accuracy, the
measurements were separated into groups by the experiment and system parameters. A
summary of the DIAL results for these related measurements is given in Table 3. The Table
separates the measurements by the detection technique used, the target gas, the model ocking
configuration, the time period when the measurements were made, the number of individual
measurements included in the group, and the average and standard deviation of the measured
to expected concentration-length (CL) ratio. It should be noted that even though there were
more than 158 individual DIAL measurements made, the compiled grouping results may still
not be statistically significant, since there are many parameters which may affect the DIAL
measurements, resulting in a small number of similar measurements for each grouping. The
DIAL results have a significant amount of scatter, and an empirical decision was made to
consider any individual values which fell below 50% or above 150% of the expected CL to be
outliers, and to remove these values from the analysis.



Table3. Summary of DIAL Results

Target Detection Target | Mode- Time Number of Measured /
Techniqu Gas locking| Segment | Measurement | Expected CL
e S Ratio

4KSBB DD SF6 On Post—Mar 5 0.99+0.15
04

4KSBB DD SF6 Off Post—-Mar 6 0.93+0.10
04

4KSBB HD SF6 On Post—Mar 6 0.77+017
04

4KSBB HD SF6 Off Post—-Mar 5 0.78+0.18
04

7KSBerm DD SF6 On Post—Mar 7 0.68+0.24
04

7KSBerm DD SF6 Off Post—Mar 8 0.78+0.28
04

7KSBerm HD SF6 On Post—-Mar 7 0.87+0.16
04

7KSBerm HD SF6 Off Post—Mar 8 0.76 +0.14
04

4KSBB DD NH3 On Post—Mar 5 0.98 + 0.06
04

4KSBB DD NH3 Off Post—-Mar 5 0.93+0.10
04

4KSBB HD NH3 On Post—Mar 4 0.78 +0.26
04

4KSBB HD NH3 Off Post—Mar 3 059+ 0.14
04

7KSBerm DD NH3 On Post—-Mar 5 0.79+0.18
04

7KSBerm DD NH3 Off Post—Mar 7 0.82+0.16
04

7KSBerm HD NH3 On Post—-Mar 7 0.83+0.20
04

7KSBerm HD NH3 Off Post—Mar 6 084+0.34
04

4AKSBB DD SF6(Low)| On Pre-Mar 04 5 0.82+0.08

4KSBB DD SF6 (Low)| Off Pre-Mar 04 5 0.80+0.12

4KSBB HD SF6 (Low)| On Pre-Mar 04 5 0.55+0.24

4KSBB HD SF6 (Low) | Off Pre-Mar 04 5 0.59+0.16
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AKSBB DD SF6 (High)] On Pre-Mar 04 5 0.80+0.09
4KSBB DD SF6 (High)]  Off Pre-Mar 04 5 0.77£0.04
4KSBB HD SF6 (High)]  On Pre-Mar 04 5 059+0.14
4KSBB HD SF6 (High)|  Off Pre-Mar 04 5 0.61+0.11
7KSBerm DD SF6 (Low)| On Pre-Mar 04 3 0.81+0.08
7KSBerm DD SF6 (Low) | Off Pre-Mar 04 3 0.71+0.12
7KSBerm HD SF6 (Low)| On Pre-Mar 04 3 0.84+0.15
7KSBerm HD SF6 (Low) | Off Pre-Mar 04 3 0.67 £ 0.25
7KSBerm DD SF6 (High)l On Pre-Mar 04 3 0.70+£0.04
7KSBerm DD SF6 (High)|  Off Pre-Mar 04 3 0.68+0.13
7KSBerm HD SF6 (High)] On Pre-Mar 04 3 0.82+0.16
7KSBerm HD SF6 (High)| Off Pre-Mar 04 3 0.64+0.17

The average measured-to-expected CL ratios are shown in Figure 31 for the different data
groupings, and the standard deviation of the ratios are shown in Figure 32. The data points
are again slightly offset on the x-axis for the different groupings to reduce clutter from overlap
of the symbols. As noted previously, definitive conclusions probably should not be drawn
from this data because the statistical significance is questionable because of the small number
of data pointsincluded in each grouping, but some probable conclusions can still be made:

1 The pre-March measured CL values are generally lower than those from post-Mar ch.
As stated previoudly, thisis believed to result from improvements in the system hardware and
the experimental alignment and procedures. Because of this effect, it is generally better to rely
more on the post-March data to draw conclusions about the effects of the different
parameters on the DIAL accuracy.

2 The direct detection measurements from the 4KS BB appear to give the most accurate
DIAL results, with the closest match to the expected CL value, and the least variability.
Referring to Figure 1, thisis expected sincein the HD/DD DC experiments the direct detection
system is expected to outperform the heterodyne system in the speckle-limited regime. Thisis
a result of direct detection spatial averaging providing more speckle mitigation than is
achievable with the heterodyne spread spectrum operation in the system configurations used
for the HD/DD DC experiments. It should be noted that the amount of speckle mitigation for
the heterodyne system could be significantly and easily increased by designing the laser
transmitter to include more frequency modes than was possible with the specific BBO laser
configuration used in these experiments.

3) The direct detection system tends to be in the transition region between speckle- and
signal-limited operation at 7 km, while the heterodyne system is still in the speckle-limited
region. The DIAL measurement accuracies and variabilities are generally similar for direct
detection operation at 7 km, and heterodyne operation at both 4 kmand 7 km. Thisis seen for
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both SF¢ and NHa, in the post-March data. A possible explanation for this behavior is that the
heterodyne system is operating in the speckle-limited regime at both 4 km and 7 km, while the
direct detection system is in the speckle-limited regime at 4 km, but is entering the transition
region between speckle- and signal-limited operation at 7 km (see Figure 1).

4) M odelocking improves heterodyne DIAL accuracy. Thisismost easily seen by noting
that the modelocked heterodyne results from 7 km are closer to the expected CL value, and
have lower variability than the non-modelocked results. The same results are expected from
the 4 km measurements, but the 4 km data does not conclusively support or contradict the
expected result.

5) Direct detection results are better with modelocking off. Since spatial averaging is
the primary speckle mitigation technique for direct detection, it is expected that the increased
laser power available with non-modelocked operation will provide the best results. The
results shown in Figures 31 and 32 generally support this conclusion. A possible reason that
not all of the data points demonstrate this result, is that it appears that the system transmit
pointing jitter is reduced when using the modelocked pulse train, which improves the DIAL
results.
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Figure 31. Average measured CL / expected CL ratio.
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Figure 32. Standard deviation of measured CL / expected CL ratio.



5. Summary and Conclusions

The HD/DD DC experiments were designed to provide a direct, simultaneous comparison of
the radiometric and chemical detection sensitivities of the heterodyne and direct detection
receiver techniques. Many parameters affect radiometric and DIAL accuracy, and it is often
not clear why measurements differ from the expected results. Numerous unresolved issues
exist about the capabilities and characterizations of DIAL systems, especially with respect to
systems utilizing heterodyne detection. In order to address some of the major issues, and to
provide an empirical comparison of performance when the effects of all individual factors can
not be determined, an experiment technique was developed that provided the first direct
simultaneous comparisons of heterodyne and direct detection DIAL measurements.

The radiometric results showed that the direct detection return signal was within afactor of 1
to 2.5 of the expected value, while the heterodyne return signal was within afactor of 6 to 20.
Previous specialized direct detection radiometric efforts at AFRL/DE had resulted in
agreement factors of approximately 1 to 1.4. The premier heterodyne radiometric efforts by
other research groups have demonstrated agreement factors of 3 to 10. The level of
radiometric agreement achieved in the HD/DD DC experiments is reasonable in comparison
with these previous efforts, considering that the primary focus of the experiments was on
multiple wavelength DIAL measurements, which significantly increases the system complexity
with respect to single wavelength measurements.

A primary issue concerning the accuracy of heterodyne DIAL measurements is the sensitivity
of the heterodyne detection process to speckle, which directly affects chemical detection
capability. For the HD/DD DC measurements a speckle mitigation technique utilizing a spread
spectrum (model ocked) transmit waveform was employed and studied. The heterodyne DIAL
results showed slightly higher variability (within afactor of 2, as determined from the minimum
detectable absorption level) than the direct detection results, but were much better than the
results that would be expected from a heterodyne system not employing a speckle mitigation
concept.

The measurements also indicate that the relative DIAL performance of heterodyne detection
improves with increasing range in comparison with direct detection, as would be expected.
The ability of heterodyne systems to maintain speckle limited performance at ranges where
direct detection systems become signal limited allows smaller systemsto be used for the same
range requirements, and allows a longer standoff range to be achieved with similar size
systems.

The primary conclusion of the HD/DD DC experiment series is that heterodyne DIAL is a

feasible and demonstrated technique, and has definite utility, especially for long standoff
range operation.
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Appendix A. HD/DD DC Datasets
TableAl. HD/DD DC Datasets

Date Used | Filename Target Modelocke | Gas/ System Configuration
(yymmdd) in d
Figure

030828 Test 15KSBB No No gas cell
030828 Testla | 4KSBB (old) No No gas cell
030828 Testlb | 4KSBB (old) Yes No gas cell
030828 Testlc 4K S berm No No gas cell
030828 Testld 4KS berm Yes No gas cell
030828 Test?2a | 4KSBB (new) No No gas cell
030828 Test2b | 4KSBB (new) No Empty cdll / SF6/ NH3
030328 Test2c | 4KSBB (new) Yes No gas cell
030828 Test2d | 4KSBB (new) Yes Empty cell / SF6/ NH3
030828 Test3a 7KSberm No No gas cell
030828 Test3b 7KSberm No Empty cdll / SF6/ NH3
030828 Test3c 7KSberm Yes No gas cell
030828 Test3d 7KSberm Yes Empty cell / SF6/ NH3
030328 Test4a None No System characterization test
030826 Testla | 4KSBB (old) No No gas cell
030826 Testlb | 4KSBB (old) Yes No gascell
030826 Testlc 4KSberm No No gas cell
030826 Testld 4K S berm Yes No gas cell
030826 Testle 4KS berm No No gas cell
030826 Test2a | 4KSBB (new) No No gas cell
030826 Test2b | 4KSBB (new) No Empty cell / SF6/NH3
030826 Test2c | 4KSBB (new) Yes No gas cell
030826 Test2d | 4KSBB (new) Yes Empty cdll / SF6/ NH3
030826 Test3a 7KSberm No No gas cell
030826 Test3b 7KSberm No Empty cell / SF6/NH3
030826 Test3c 7KSberm Yes No gas cell
030826 Test3d 7KSberm Yes Empty cdll / SF6/ NH3
030820 Testla | 4KSBB (old) No No gas cell
030820 Testlb | 4KSBB (old) Yes No gas cell
030820 Testlc 4KS berm No No gas cell
030820 Testld 4KS berm Yes No gas cell
030820 Testba None No System characterization test




030807 Testla | 4KSBB (old) No No gas cell
030807 Testlb | 4KSBB (old) Yes No gas cell
030807 Test1c 4K S berm No No gas cell
030807 Test1d 4K S berm Yes No gas cell
030807 Test2a | 4KSBB (new) No No gas cell
030807 Test2b | 4KSBB (new) No Empty cdll / SF6/ NH3
030807 Test2c | 4KSBB (new) Yes No gas cell
030807 Test2d | 4KSBB (new) Yes Empty cdll / SF6/ NH3
030807 Test3a 7KSberm No No gas cell
030807 Test3b 7KSberm No Empty cell / SF6/ NH3
030807 Test3c 7KSberm Yes No gas cell
030807 Test3d 7KSberm Yes Empty cdll / SF6/ NH3
030724 Testla | 4KSBB (old) No No gas cell
030724 Testlb | 4KSBB (old) Yes No gas cell
030724 Testlc 4KS berm No No gas cell
030724 Testld 4K S berm Yes No gas cell
030724 Testle | 4KSBB (new) No No gas cell
030724 Testlf | 4KSBB (new) Yes No gas cell
030724 Test2a 7KSberm No No gas cell
030724 Test2b 7KSberm No Empty cell / SF6/NH3
030724 Test2c 7KSberm Yes No gas cell
030724 Test2d 7KSberm Yes Empty cdll / SF6/ NH3
030612 Testla | 4KSBB (old) No No gas cell
030612 Testlb | 4KSBB (old) Yes No gas cell
030612 Testlc 4K S berm No No gas cell
030612 Test1d 4K S berm Yes No gas cell
030612 Testle [ 4KSBB (new) No No gas cell
030612 Testlf | 4KSBB (new) Yes No gas cell
030612 Test2a 7KSberm No No gas cell
030612 Test2b 7KSberm No Empty cell / SF6/ NH3
030612 Test2c 7KSberm Yes No gas cell
030612 Test2d 7KSberm Yes Empty cell / SF6/ NH3
030612 Test3a 15KSBB No No gas cell
030612 Test3b 15KSBB No Empty cell / SF6/ NH3
030612 Test3c 15KSBB Yes No gascell
030612 Test3d 15KSBB Yes Empty cdll / SF6/ NH3
030604 Testla | 4KSBB (old) Out No gas cell
030604 Testlb 4K S berm Out No gas cell
030604 Testlc | 4KSBB (new) Out No gas cell




030604 Testld | 4KSBB (new) Out Empty cell / SF6/ NH3
030604 Test2a 7KSberm Out No gas cell
030604 Test2b 7KSberm Out Empty cell / SF6/ NH3
030529 Testla | 4KSBB (old) No No gas cell
030529 Testlb | 4KSBB (old) Yes No gas cell
030529 Test2a 4K S berm No No gas cell
030529 Test2b 4K S berm Yes No gas cell
030529 Test3a | 4KSBB (new) No No gas cell
030529 Test3b | 4KSBB (new) No Empty cell / SF6/ NH3
030529 Test3c | 4KSBB (new) Yes No gas cell
030529 Test3d | 4KSBB (new) Yes Empty cell / SF6/ NH3
030529 Testda 7KSberm No No gas cell
030529 Test4b 7KSberm No Empty cdll / SF6/ NH3
030529 Test4c 7KSberm Yes No gas cell
030529 Test4d 7KSberm Yes Empty cell / SF6/ NH3
030527 Testla None N/A System char. (HD bias
current)
030527 Testlb None N/A System char. (HD bias
current)
030527 Testlc None N/A System char. (HD hias
current)
030527 Testld None N/A System char. (HD bias
current)
030522 Testla | 4KSBB (new) No System characterization
030522 Testlb | 4KSBB (new) Yes System characterization
030502 Testla | 4KSBB (new) No System characterization
030502 Testlb [ 4KSBB (new) Yes System characterization
030416 Testla | 4KSBB (new) No No gas cell
030416 Testlb [ 4KSBB (new) No Empty cdll / SF6/ NH3
030416 Testlc | 4KSBB (new) Yes No gas cell
030416 Testlaa | 4KSBB (nhew) No No gas cell
030416 Testld | 4KSBB (new) Yes Empty cell / SF6/ NH3
030416 Test2a 7KSberm No No gas cell
030416 Test2b 7KSberm No Empty cell / SF6/ NH3
030416 Test2c 7KSberm Yes No gas cell
030416 27 Test2d 7KSberm Yes Empty cell / SF6/ NH3
030415 Testla | 4KSBB (old) No No gas cell
030415 Testlb | 4KSBB (old) Yes No gas cell
030415 Testlc | 4KSBB (new) Yes No gas cell
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030415 Testld | 4KSBB (new) Yes Empty cdll / SF6/ NH3
030415 Testle | 4KSBB (new) No No gas cell
030415 Testlf | 4KSBB (new) No Empty cdll / SF6/ NH3
030401 Testla | 4KSBB (old) No No gas cell
030401 Testlb | 4KSBB (old) No Empty cell / SF6/ SF6
030401 Testlc | 4KSBB (old) Yes No gas cell
030401 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
030401 Testle 4K S berm No No gas cell
030401 Test1f 4AKSberm Yes No gas cell
030401 Test2a 7KSberm No No gas cell
030401 Test2b 7KSberm No Empty cell / SF6 / SF6
030401 Test2c 7KSberm Yes No gas cell
030401 Test2d 7KS berm Yes Empty cell / SF6/ SF6
030401 Test3a B6KSCC No No gas cell
030401 Test3b B6KSCC No Empty cell / SF6/ SF6
030401 Test3c 6KSCC Yes No gas cell
030401 Test3d 6KSCC Yes Empty cell / SF6/ SF6
030321 Testla B6KSCC No No gas cell
030321 Testlb B6KSCC Yes No gas cell
030321 Testlc B6KSCC Yes No gas cell
030321 Test2za | 4KSBB (old) No No gas cell
030224 Testla | 4KSBB (old) No No gas cell
030224 Testlb | 4KSBB (old) No Empty cell / SF6/ SF6
030224 Testlc | 4KSBB (old) Yes No gas cell
030224 Testld | 4KSBB (old) Yes Empty cell / SF6 / SF6
030224 Test2a | 4KSBB (old) No No gas cell
030224 Test2b | 4KSBB (old) No Empty cell / SF6/ SF6
030224 Test2c | 4KSBB (old) Yes No gascell
030224 Test2d | 4KSBB (old) Yes Empty cell / SF6/ SF6
030224 Test3a | 4KSBB (old) No No gas cell
030224 Test3b | 4KSBB (old) No Empty cell / SF6 / SF6
030224 Test3c | 4KSBB (old) Yes No gas cell
030224 Test3d | 4KSBB (old) Yes Empty cell / SF6/ SF6
030224 Testda 7KSbherm No No gascell
030224 Testdb 7KSberm No Empty cell / SF6/ SF6
030224 Test4c 7KSberm Yes No gas cell
030224 Test4d 7KSberm Yes Empty cell / SF6/ SF6
030204 Testla | 4KSBB (old) No Empty cell / SF6/ SF6
030204 Testlb | 4KSBB (old) Yes Empty cell / SF6/ SF6
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030204 Testlc | 4KSBB (old) No Empty cell / SF6/ SF6
030204 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
030204 Testle | 4KSBB (old) No No gas cell
030204 Testlf | 4KSBB (old) Yes No gas cell
030204 Test2a 7KSberm No No gas cell
030204 Test2b 7KSberm No Empty cell / SF6/ SF6
030204 Test2c 7KSberm Yes Empty cell / SF6 / SF6
030204 Test2d 7KSberm Yes No gas cell
030129 Testla | 4KSBB (old) No No gas cell
030129 Testlb | 4KSBB (old) No Empty cell / SF6/ SF6
030129 Testlc | 4KSBB (old) Yes No gas cell
030129 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
030129 Test2a 7KSberm No No gas cell
030129 Test2b 7KSberm No Empty cell / SF6/ SF6
030129 Test2c 7KSberm Yes No gas cell
030129 Test2d 7KSberm Yes Empty cell / SF6/ SF6
030123 Testla | 4KSBB (old) No No gas cell
030123 Testlb | 4KSBB (old) No Empty cell / SF6/ SF6
030123 Testlc | 4KSBB (old) Yes No gas cell
030123 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
030123 Test2a 7KSberm No No gas cell
030123 Test2b 7KSberm No Empty cell / SF6/ SF6
030123 Test2c 7KSberm Yes No gas cell
030123 Test2d 7KSberm Yes Empty cell / SF6/ SF6
021218 Testla | 4KSBB (old) No No gas cell
021218 Testlb | 4KSBB (old) No Empty cell / SF6/ SF6
021218 Testlc | 4KSBB (old) Yes No gas cell
021218 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
021218 Test2a 7KSberm No No gas cell
021218 Test2b 7KSberm No Empty cell / SF6/ SF6
021218 Test2c 7KSberm Yes No gas cell
021218 Test2d 7KSberm Yes Empty cell / SF6/ SF6
021218 Test3a 15KSBB No No gas cell
021218 Test3b 15KSBB No Empty cell / SF6/ SF6
021218 Test3c 15KSBB No No gascell
021218 28 Test3d 15KSBB No Empty cell / SF6/ SF6
021218 Test3e 15KSBB Yes No gas cell
021218 Test3f 15KSBB Yes Empty cell / SF6/ SF6
021217 Testla 15KSBB No No gas cell
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021217 Test2a | 4KSBB (old) No No gas cell
021217 Test2b | 4KSBB (old) No Empty cell / SF6/ SF6
021217 Test2c | 4KSBB (old) Yes No gascell
021217 Test2d | 4KSBB (old) Yes Empty cell / SF6/ SF6
020926 Testla | 4KSBB (old) No Empty cell / SF6/ SF6
020926 Testlb | 4KSBB (old) No No gas cell
020926 Testlc | 4KSBB (old) Yes No gas cell
020926 25 Testld [ 4KSBB (old) Yes Empty cell / SF6/ SF6
020926 Testle | 4KSBB (old) Yes No gas cell
020926 Testlf | 4KSBB (old) Yes Empty cell / SF6/ SF6
020926 Test2a 7KSberm Yes No gas cell
020926 Test2b 7KS berm Yes Empty cell / SF6/ SF6
020926 Test2c 7KSberm Yes No gas cell
020926 26 Test2d 7KSberm Yes Empty cell / SF6/ SF6
020926 Test2e 7KSberm No No gas cell
020926 Test2f 7KSberm No Empty cell / SF6/ SF6
020916 Testla | 4KSBB (old) No Empty cell / SF6/ SF6
020916 Testlb | 4KSBB (old) No No gas cell
020916 Testlc | 4KSBB (old) Yes No gas cell
020916 Testld | 4KSBB (old) Yes Empty cell / SF6/ SF6
020916 Test2a 7KSberm No No gas cell
020916 Test2b 7KSberm No Empty cell / SF6/ SF6
020916 Test2c 7KSberm Yes No gas cell
020916 Test2d 7KSberm Yes Empty cell / SF6/ SF6
020321 Testla | 4KSBB (old) Yes Empty cell / SF6 / SF6
020821 Testlb | 4KSBB (old) Yes No gas cell
020821 Testlc | 4KSBB (old) No No gas cell
020821 Testld | 4KSBB (old) No Empty cell / SF6/ SF6
020821 Test2a 7KSberm Yes No gas cell
020821 Test2b 7KSberm Yes Empty cell / SF6/ SF6
020321 Test2c 7KSberm No No gas cell
020321 Test2d 7KSberm No Empty cell / SF6/ SF6
020806 Testla | 4KSBB (old) Yes No gas cell
020806 Testlb | 4KSBB (old) Yes Empty cell / SF6/ SF6
020806 Testlc | 4KSBB (old) No No gas cell
020806 Testld | 4KSBB (old) No Empty cell / SF6/ SF6
020717 Testla | 4KSBB (old) No No gas cell, 10P20 only
020717 Testlc | 4KSBB (old) No No gas cell, 10P20 only
020717 Testld | 4KSBB (old) Yes No gas cell, 10P20 only
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020717 Test2a | 4KSBB (old) No Empty cell / SF6/ SF6
020717 Test2b | 4KSBB (old) No No gas cell
020717 Test2c | 4KSBB (old) Yes No gascell
020717 Test2d | 4KSBB (old) Yes Empty cell / SF6/ SF6
020717 Test3a 7KSberm No No gas cell, 10P20 only
020717 Test3b 7KSberm Yes No gas cell, 10P20 only
020717 Testda 7KS berm No No gas cell
020717 Test4b 7KSberm Yes No gas cell
020711 Testla | 4KSBB (old) No No gas cell, 10P20 only
020711 Testlb | 4KSBB (old) Yes No gas cell, 10P20 only
020711 Test2a | 4KSBB (old) No Empty cell / SF6/ SF6
020711 Test2b | 4KSBB (old) No No gas cell
020711 Test2c | 4KSBB (old) Yes No gas cell
020711 Test2d | 4KSBB (old) Yes Empty cell / SF6/ SF6
020711 Test3a None No System characterization test
020711 Test3b None Yes System characterization test
020710 Testla | 4KSBB (old) No No gas cell, 10P20 only
020710 Test2a | 4KSBB (old) Yes No gas cell, 10P20 only
020710 Test3a | 4KSBB (old) No Empty cell / SF6/ SF6
020710 Test3b | 4KSBB (old) Yes Empty cell / SF6/ SF6
020710 Test3c | 4KSBB (old) No No gas cell
020710 Test3d | 4KSBB (old) Yes No gascell
020710 Testda 7KSberm No No gas cell
020710 Test4b 7KSberm Yes No gas cell
020710 Test4c 7KSberm No Empty cell / SF6 / SF6
020710 Test4d 7KSberm Yes Empty cell / SF6/ SF6
020703 Testla | 4KSBB (old) No No gas cell, 10P20 only
020703 Testlb | 4KSBB (old) Yes No gas cell, 10P20 only
020703 Test2a | 4KSBB (old) No Empty cell / SF6/ SF6
020703 Test2b | 4KSBB (old) No Empty cell / SF6/ SF6
020703 Test2c | 4KSBB (old) No No gas cell
020703 Test2d | 4KSBB (old) Yes Empty cell / SF6/ SF6
020703 Test3a 7KSberm No No gas cell
020703 Test3b 7KSberm Yes No gas cell
020703 Test3c 7KSberm No Empty cell / SF6/ SF6
020703 Test3d 7KSberm Yes Empty cell / SF6/ SF6
020703 Testda 7KSberm No No gas cell
020703 Test4b 7KSbherm Yes No gas cell
020529 Testla 4K S berm Yes Empty cell / SF6/ SF6
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020529 Testlb 4K S berm Yes Empty cell / SF6/ SF6
020513 Testl 4K S berm Yes Empty cell / SF6/ SF6
020513 Test2 7KSberm Yes Empty cell / SF6/ SF6
020513 Test3 7KSberm Yes Empty cell / SF6 / SF6
020507 Testl | 4KSBB (old) Yes Empty cell / SF6/ SF6
020507 Test2 7KSberm Yes Empty cdl / SF6/ SF6
020506 Testl | 4KSBB (old) Yes No gas cell
020506 Test2 | 4KSBB (old) Yes Empty cell / SF6/ SF6
020506 Test3 7KSberm Yes SF6 (steady state)
020506 Test4 | 4KSBB (old) Yes SF6 (steady state)
020506 Test5 | 4KSBB (old) Yes No gas cell
020506 Test7 | 4KSBB (old) Yes No gas cell
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Appendix B. HD/DD DC DIAL Results

3

HD/DD DIAL Comparison Test 030828_T3D
(SF6 + NH3, ML On, 7KS Berm, 12" HD Rx)

3
S
ksl
2
o
©
kst
14
a

Heterodyne (CNRx3)

Sequences Measured CL Measured | Expected
(ppm -m) D (ps) | Dp(psi)
Reference | 5-35 -0.79:+1.82 (DD SF6) = E
0.22+ 2.15 (HDx3 SF6)
-20 +96 (DD NH3)
6 +140 (HDx3 NH3)
Insertion 50- 65 2.00 +1.64 (DD) 0.9 (DD) 4.5
#1 (SF6) 7.82 +2.53 (HDx3) | 3.4 (HDx3)
Insertion 80-95 232+ 82 (DD) 51(0D) 100
#2 (NH3) 319 + 254 (HDX3) 7.0 (HDx3)

SF6 (ppm-m)

030828_000T3D_CLOSs (12" HD Rx)
Modelocker On; 7KS Berm; SF6/NH3

“Insertion #1"
(Seqs 5065,

L e s -
sro o) | -

T N3 (oD)

: NH3 (HD)

Reference
(Seas 5-35)

Insertion #2
(Seqs 80-95)

Sequence #

(w-wdd) gHN

%

o

HD/DD DIAL Comparison Test 030828_T3B
(SF6 + NH3, ML Off, 7KS Berm, 12” HD Rx)

Direct detection

Heterodyne (CNRx3)

Sequence #

Sequences Measured CL. Measured | Expected
(ppm-m) Dp (ps) Dp (psi)
Reference 5-35 -0.19+1.25 (DD SF6) = =
0.25+ 3.36 (HDx3 SF6)
-11+ 101 (DD NH3)
26+ 233 (HDx3 NH3)
Insertion 50 -65 2.38 +095 (DD) 1.0(DD) 45
#1 (SF6) 955 +1.48 (HDx3) | 4.2 (HDx3)
Insertion 80-95 81+ 108 (DD) 1,8'SDD% 100
#2 (NH3) 178 % 244 (HDX3) 3.9 (HDx3)
030828_000T38_CLOSS (12" HD Rx)
Modelocker Off; 7KS Berm; SF6/NH3
18 900
wsfF e seeED)] - 800
- sro(o) | - 200
wf o won): 600
NH3 (HD)
P : 500
PRY S : 400
z
I 0 I
g . w0 §
5 2f L 100 3
0 0
2 A -100
< v : B B
sk ol Reference nserton 1! inserion 72 -300
of hoomesim D sesossl ey |
0 10 2 30 4 s 60 W 80 100




HD/DD DIAL Comparison Test 030828_T2D
e (SF6 + NH3, ML On, 4KS New BB, 12" HD Rx)

Sequences Measured CL. Measured | Expected
pm-m) Dp (ps) Dp (psi)
Reference 5-35 -1.74+3.67 (DD SF6)
-0.28 + 3.67 (HDx3 SF6)

5 82+ 185 (DD NH3)
g 9 +257 (HDx3 NH3]
g Insertion 50 - 65 12.89+ 3.29 (DD) 5.6 (DD) 45
= #1 (SF6) 7.53 +2.41 (HDx3) 3.3 (HDx3)
o Insertion 80-95 211 +205 (DD) 4.6 (DD) 100
a #2 (NH3) w4 4% (HDxX3) = (HDx3)

= Signal drop -out on heterodyne

030828_000T2D_CLOSs (12" HD Rx)

Modelocker On; 4KS BB (New); SF6/NH3
2 1100

P : S F

) 500
700
600
s00

+  SF6(DD)
SF6 (HD)

* NH3 (OD) | 7
NS (+0) | ¢

Reference
(Seqs 5-38)

% £ 300 ‘_;

g 3 a0 §

> 5 100 3
2 0
=) 100
e -200
2 . : : -300
T Insertion #1 inserion #2400
L Useassoe) (seas 87 {500
P N ol 16

0 30 4 S 60 70 80 9 100

Sequence #

HD/DD DIAL Comparison Test 030828_T2B
g (SF6 + NH3, ML Off, 4KS New BB, 12" HD RXx)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 -0.14+1.16 (DD SF6) - -
< 0.31 + 2,16 (HDX3 SF6)
S
8 7 £179 (DD NH3)
2 19+ 269 (HDx3 NH3)
= Insertion 50 - 65 11.33+ 1.20 (DD) 5.0(DD) 45
8 #1 (SF6) 10.70+ 292 (HDx3) | 4.7 (HDx3)
a Insertion 80-95 188+ 54 g%) 4.1(DD) 100
#2 (NH3) 84+ 187 (HDx3) 1.8 (HDx3)

030828_000T2B_CLOSS (12" HD Rx)
Modelocker Off; 4KS BB (New); SF6INH3
—T T —rT T

»

sl e seeoD)
+ = SF5 (HD)

Reference
(Seqs 5-35)

g z :
4 £ &
z = 3
9 g 3
@ K 2
c
=
)
<
2
B . . . .
T Insertion #1 Inserton #2

{Seqs 50-69) (Seas 80-95)
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HD/DD DIAL Comparison Test 030826_T3D
e (SF6 + NH3, ML On, 7KS Berm, 12” HD Rx)

Sequences Measured CL. Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 -0.15+0.94 (DD SF6) = =
< -0.01% 2.65 (HDX3 SF6)
S
8 -7 +106 (DD NH3)
2 13+ 160 (HDx3 NH3)
° Insertion 50 -65 5.95 +152 (DD) 2.6 (DD) 45
g #1 (SF6) 949 +127 (HDx3) | 4.2(HDx3)
a Insertion 80-95 4+ 83(DD) 0.1'5[)0% 100
#2 (NH3) 375295 (HDx3) | 8.2 (HDx3)

030826_000T3D_CLOSS (12" HD Rx)
Modelocker On; 7KS Berm; SF6/NH3

o seep)| ./ nserionild

576 (HD)

* NH3 (OD) | 7
NS (+0) | ¢

Reference
(Seqs 5-35),

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insertion #2
(seas 80-95) ] 300

P MNP v

60 1 80 9 100

Sequence #

HD/DD DIAL Comparison Test 030826_T3B
g (SF6 + NH3, ML Off, 7KS Berm, 12" HD Rx)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.00+ 0.79 (DD SF6) - -
< 0.53+ 1.44 (HDX3 SF6)
S
8 6+ 81 (DD NH3)
2 17 + 150 (HDx3 NH3)
= Insertion 50 - 65 5.26 +0.96 (DD) 2.3(DD) 45
8 #1 (SF6) 856 +2.10 (HDX3) 3.7 (HDx3)
a Insertion 80-95 231 114 (DD) 5.0 WD) 100
#2 (NH3) 788 +517 (HDX3) 17.2 (HDx3)

i 030826_000T3B_CLOSs (12" HD Rx)
Modelocker Off; 7KS Berm; SF6/NH3
— T T

12 T

Le sreoD)| .
b o ——sree)

F o Reference
(Seas 5-35)

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insertion #1° v/ Insertion #2 -400
(seqs 50-65] (seass0-9g) { -s00

Sequence #




HD/DD DIAL Comparison Test 030826_T2D
(SF6 + NH3, ML On, 4KS New BB, 12" HD Rx)

Sequences Measured CL. Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference [ 5-35 -0.11+0.82 (DD SF6) - -
< -0.05:+ 1.92 (HDx3 SF6)
S
g -4+ 50 (DD NH3)
& 26+ 224 (HDx3 NH3)
hst Insertion | 50-65 9.04 £057 (DD) 2.0 (DD) 15
3 #1(SF6) 10.88+ 1.15 (HDx3) | 4.8(HDx3)
a Insertion 80-95 426+ 69 (DD) 9.3(0D) 100
#2 (NH3) 234 £ 247 (HDx3) 5.1 (HDx3)

030826_000T2D_CLOSS (12" HD Rx)
Modelocker On; 4KS BB (New); SF6/NH3

Insertion #1
(Seqs 50-68)

wf ¢+ srED)
. SF6 (HD)

* nz o]

Refeence 1
S35 o 1A
[

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insertion #2
: (seas8099) ] 00
0 10 2 30 4 s 60 70 80 90 100

Sequence #

% HD/DD DIAL Comparison Test 030826_T2B
*y (SF6 + NH3, ML Off, 4KS New BB, 12" HD RXx)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.01+ 0.87 (DD SF6) - -
< 0.31+ 1.91 (HDX3 SF6)
S
8 -1+ 51 (DD NH3)
2 26+ 197 (HDx3 NH3)
= Insertion 50 - 65 9.92 +0.79 (DD) 4.3(DD) 45
8 #1 (SF6) 8.65 +2.54 (HDX3) 3.8 (HDx3)
a Insertion 80-95 409+ 75 (DD) 8.9 WD) 100
#2 (NH3) 480 +169 (HDx3) 105 (HDx3)

030826_000T2B_CLOSs (12" HD Rx)
Modelocker Off; 4KS BB (New); SF6/NH3
—T T — T

Insertion #1

'
SF6 (D)
BE L _*_Seeo) {Seqs 50.65)

—— SF6 (HD)

NH3 (DD)
NH3 (HD)

LN = Reference
(Seqs 5-35)

2 ] :
F :
g g0 3
o ] ]
Y I 3
2
g 5
2 2
<} 1
k3] 0 0
g 3 et
I 2 Insertion #2 -100
H Soas 3059 ] 200
“ I -300
o w » 30 ® = ® ™ 80 % 100
—




HD/DD DIAL Comparison Test 030807_T3D
(SF6 + NH3, Modelocking Off, 7KS Berm)

Sequences Measured CL. Measured | Expected
(ppm-m) Dp(ps) | Dp(psi)
Reference [ 5-35 -0.04 +1.67 (DD SF6) - -
< -0.07 + 1.69 (HDx3 SF6)
S
g -6 +129 (DD NH3)
£ 9 +105 (HDx3 NH3)
= Insertion 50 -65 7.50 +1.27 (DD) 3.3(DD) 4.5
8 #1 (SF6) 1050+ 1.17 (HDx3) | 4.6 (HDx3)
a Insertion 80-95 332 +138 (0D) 7:3(00) 100
#2 (NH3) 346 +153 (HDx3) 7.6 (HDx3)

030807_000T3D_CLOSs
Modelocker On; 7KS Berm; SF6/NH3

sE trion #]
2k +  SF6(DD) (Seqs 50-65)
1 SF6 (HD) - .
12k M
® NH3 (DD) |
NH3 () | |
9oF Reference
—~ — 8F (Seqs 5-35)
Q I
& : Gf
zZ e
o e
< B
2
s
3
S
3
g : i s
T inserion 12 | 500
N (Seqs 80-95)
H S

0 10 2 30 4 S 60 W 80 0 100

Sequence #

(w-wdd) gHN

% HD/DD DIAL Comparison Test 030807_T3B
Ty (SF6 + NH3, Modelocking Off, 7KS Berm)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.05+ 0.87 (DD SF6) - -
< 0.08+ 2.09 (HDx3 SF6)
S
g 4+ 66 (DD NH3)
2 5 +160 (HDx3 NH3)
= Insertion 50 - 65 8.77 +1.77 (DD) 3.8(DD) 45
8 #1 (SF6) 866 +1.39 (HDx3) 3.8 (HDx3)
a Insertion 80-95 366 + 133 (DD) 8.0 WD) 100
#2 (NH3) 657 +313 (HDX3) 14.4 (HDX3)

030807_000T3B_CLOSs
Modelocker Off; 7KS Berm; SF6/NH3
T —

16 T

BE - . Insertion #] H

uf o+ seeED)] . (eqs 50-65) .

wE + —srern | - h . . .
A X N
: NH3 (D) | ¢ .

. " .
e L ‘ I\
F . (seass3s) . W* 7&:

s
W

SF6 (ppm-m)

.

Heterodyne (CNRx3)

Insertion #2
(Seas 80-95)

Sequence #

(w-wdd) gHN

57




HD/DD DIAL Comparison Test 030807_T2D
(SF6 + NH3, Modelocking On, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference [ 5-35 -0.11+0.80 (DD SF6) - -
< 0.07 + 1.49 (HDx3 SF6)
S
g -4+ 58 (DD NH3)
& 4 +152 (HDx3 NH3)
hst Insertion 50 - 65 10.27+ 0.53 (DD) 4.5 (DD) 45
3 #1(SF6) 7.90 £ 163 (HDx3) | 3.5(HDx3)
a insertion | &0-95 487+ 75 (OD) 100 (O0) 100
#2 (NH3) 219+ 91 (HDx3) 4.8 (HDx3)
030807_000T2D_CLOS5s
Modelocker On; 4KS BB (New); SF6/NH3
15
ST T mserion] ™ 00
13F -+« sreoD) vy (SeUS 50-65)
oF - SF6 (HD) . .
1 M
wf : * neod]:

NS (+0) | ¢

8
— 7
® z s
% g ¢ g
5 ] : g
o g 2 by o2 i
o a7 XY H
S 0 L o ke
3 i BV Y
8 2 i
53 3 * N
2 3 y : .
173
2 5 . X . .
s Reference - - nserion #2 9 -300
7 (Seqs 5-35) N M SSel]s 80-95)
N SO L L U

0 10 2 30 4 S 60 W 80 0 100

Sequence #

HD/DD DIAL Comparison Test 030807_T2B
Ty (SF6 + NH3, Modelocking Off, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.05+ 1.08 (DD SF6) - -
c 0.02+ 1.55(HDx3 SF6)
S
8 -1+ 66 (DD NH3)
2 18+ 169 (HDx3 NH3)
= Insertion 50 - 65 9.75 +0.68 (DD) 4.3(DD) 45
8 #1 (SF6) 7.34 +1.79 (HDX3) 3.2 (HDx3)
a Insertion 80-95 503+ 64 (DD) 11.0 &)DD:; 100
#2 (NH3) 105 + 130 (HDX3) 2.3 (HDx3)

030807_000T2B_CLOSs

Modelocker Off; 4KS BB (New); SF6/NH3
——T T T

+ sreoD) | 4
——sF6(HD) | +

Insertion # B
(Seqs 50-65)

@ z
2 H - H
4 £ t 5
z & H g
[S) @ X ]
o ° it 3
c .
=
)
<
2
g : ]
T 3 Reference inserton #2 | -400
oF *  (seqs535) (Seqs 80-95)
-10 500

0 10 2 3 4 S 60 7 80 % 100

Sequence #




HD/DD DIAL Comparison Test 030724_T2D
(SF6 + NH3, Modelocking On, 7KS Berm)

Sequences Measured CL. Measured | Expected
. (ppm-m) o (ps) | Dp(psi)
Reference [ 5-35 0.17+ 1.02 (DD SF6) - -
< 0.07 + 1.67 (HDx3 SF6)
S
g 5+ 52 (DD NH3)
& 10+ 119 (HDx3 NH3)
hst Insertion | 50-65 7.79 +138 (DD) 3.4 (DD) 15
3 #1(SF6) 942 148 (HDx3) | 4.1(HDx3)
a Insertion 80-95 425 £182 (OD) 93 (0D) 100
#2 (NH3) 231 £ 210 (HDx3) 5.0 (HDx3)

030724_000T2D_CLOSs
Modelocker On; 7KS Berm; SF6/NH3

sE D s seeED)] - inserton #1
SF6 (HD) | + {Seqs 50-69)

s nH3op) |
NH3 (HD) | ¢

Reference
(Seqs 5-35)

SF6 (ppm-m)
(urwdd) g

)
2
4
z
g
2
2
S,
3
<l
]
17}
T

U
Insertion #2
(seqs 80-05) o -300

Sequence #

% HD/DD DIAL Comparison Test 030724_T2B
Ty (SF6 + NH3, Modelocking Off, 7KS Berm)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.01+ 0.79 (DD SF6) - -
c 0.08 + 1.59 (HDx3 SF6)
S
8 -1+ 62 (DD NH3)
2 -8 +148 (HDx3 NH3)
= Insertion 50 - 65 9.02 +131 (DD) 3.9(DD) 45
8 #1 (SF6) 7.84 +1.37 (HDX3) 3.4 (HDx3)
a Insertion 80-95 367 + 91 (DD) 8.0(DD) 100
#2 (NH3) 255 + 234 (HDX3) 5.6 (HDx3)

030724_000T2B_CLOSs
Modelocker Off; 7KS Berm; SF6/NH3
—T T T —TT T

+ SF6(00) . ] 00
+ ——srs(HD) | : :

Reference | . ¥
(Seqs 5:35) 300

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insertion #3 nsetion 72
(Seqs 50-65) (seqs 80-05) o 400

bhubhbbbbornw bao oo BRERER

0 10 2 3 4 S 60 7 80 % 100

Sequence #




3

HD/DD DIAL Comparison Test 030612_T3D
(NH3 + SF6, Modelocker On, 15KS Blueboard)

Direct detection

)
2
4
z
g
2
2
s
3
<l
]
17}
T

Sequences Measured CL. Measured | Expected
m-m) Dp (ps) Dp (psi)

Reference 5-35 0.79 + 4.45 (DD SF6)
0.10+ 2.03 (HDx3 SF6)

70+ 265 (DD NH3)
36+ 313 (HDx3 NH3)

Insertion 50-65 25.48+ 3.1 (DD) 111 (DD)* 45
#1 (SF6) 10.03 253 (HDx3) | 4.4 (HDx3)
Insertion 80-95 1676+ 399 (DD) 36.6 (DD)* 100
#2 (NH3) 277 305 (HDx3) 6.1 (HDx3)

* Low signal level, error-induced saturated absorption

030612_000T3D_CLOSs
Modelocker On; 15KS Blueboard; SF6/NH3

+ SF6(0D)
SF6 (HD)
g
g
G
[
. -l
M . .
Reference  © Ts Insertion #1 Insertion #2
(Seqs5-35) | x  [Seqs50-63) (seas 80-95) J 800
N P P MNP QS
0 10 2 30 4 s 60 70 80 90 100

Sequence #

(w-wdd) gHN

HD/DD DIAL Comparison Test 030612_T3B
(NH3 + SF6, Modelocker Off, 15KS Blueboard)

Direct detection

Heterodyne (CNRx3)

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) | Dp(psi)
Reference |  5-35 1.01:+ 2.33 (DD SF6) B -

0.22+ 2.21 (HDx3 SF6)

28+ 129 (DD NH3)
6 +205 (HDx3 NH3)

Insertion 50-65 26.73+ 3.53 (DD) 117 (DD)* 45
#1 (SF6) 647 +1.62 (HDx3) | 2.8 (HDx3)
Insertion 80-95 1801 + 28 (DD) 39.4 (DD)* 100
#2 (NH3) 631 +581 (HDx3) | 13.8 (HDx3)

* Low signal level, error-induced saturated absorption

030612_000T3B_CLOSs
Modelocker Off; 15KS Blueboard; SF6/NH3
—T T T —TT T

Le sreoD)| .
+ ——sro(D) | -

NH3 (DD)
NH3 (HD)

Reference
(Seas 5-35)

SF6 (ppm-m)

6 .
4 X
2 \
0 - & ..
2 4
3 ¥ k .
M nsertion #3 nseron #2 ] _a00
N (Seqs 50-65) (Seqs 80-95)
500

Sequence #

(w-wdd) gHN




HD/DD DIAL Comparison Test 030612_T2D

(SF6 + NH3, Modelocking On, 7KS Berm)

Direct detection

Sequences Measured CL. Measured | Expected
(ppm-m) Dp (ps) Dp (psi)
Reference [  5-35 0.05+ 0.68 (DD SF6) = =
0.01+ 1.24 (HDx3 SF6)
1+ 60 (DD NH3)
-3 +132 (HDX3 NH3)
Insertion 50 - 65 9.10 061 (DD) 4.0(DD) 45
#1 (SF6) 6.77 +1.72 (HDx3) 3.0 (HDx3)
Insertion 80-95 410+ 45 %)E? Q,O'SDD% 100
#2 (NH3) 397 + 90 (HDx3) 8.7 (HDx3)

030612_000T2D_CLOSs
Modelocker On; 7KS Berm; SF6/NH3

Insertion #1
(Seqs 50-68)

+  SF6(DD)
SF6 (HD)

* NH3 (OD) | 7 i
v [ YA

— %o

(Seqs 535) &’V

SF6 (ppm-m)
(w-wdd) gHN

)
2
4
z
g
2
2
s
3
<l
]
17}
T

bh bbb bornwanowm 0B8R RER

/L \]‘ . + 4 00
X loserion 73 -

(Seqs 80-05)

s 60 M 80 9 100

Sequence #

HD/DD DIAL Comparison Test 030612_T2B
(SF6 + NH3, Modelocking Off, 7KS Berm)

Heterodyne (CNRx3)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 2.58+ 0.54 (DD SF6) - -
< 0.29 + 1.82 (HDX3 SF6)
S
8 23 +56 (DD NH3)
2 12+ 186 (HDx3 NH3)
= Insertion 50 - 65 11.05+ 0.66 (DD) 4.8(DD) 45
8 #1 (SF6) 7.08 +1.91 (HDx3) 3.1 (HDx3)
a Insertion 80-95 410+ 46 (DD) 9.0(DD) 100
#2 (NH3) 383 £ 125 (HDX3) 8.4 (HDx3)

SF6 (ppm-m)

030612_000T2B_CLOSs

L+ sre(OD)
—— SF6 (HD)

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Modelocker Off; 7KS Berm; SF6/NH3
—TTT T T

Inserton #2
(Seqs 80-95)

o 1 2 3 4 = 6

Sequence #

80 % 100

(w-wdd) gHN

61




HD/DD DIAL Comparison Test 030604_T2B
(NH3 + SF6, Modelocker Out, 7KS Berm)

Sequences Measured CL. Measured | Expected
. (ppm-m) o (ps) | Dp(psi)
Reference [ 5-35 0.03+ 0.60 (DD SF6) - -
< 0.16 + 2.01 (HDx3 SF6)
S
g -1 55 (DD NH3)
& 2 +155 (HDx3 NH3)
2 Insertion 50 -65 426+ 67 (DD) 9.3(DD) 100
3 #1 (NH3) 462 +149 (HDx3) | 10.1 (HDx3)
a Insertion 80-95 8.00 +0.86 (DD) 3,5(80) 45
#2 (SF6) 619 +4.13 (HDx3) | 2.7 (HDx3)

030604_000T2B_CLOSs
Modelocker Out; 7KS Berm; SF6/INH3
Insertion #]
(Seqs 50-65)

L e sF60D)
+ = SF6 (HD)

* NH3 (D)
- NH3(HD)

SF6 (ppm-m)
(w-wdd) gHN

)
2
4
z
g
2
2
S,
3
<l
]
17}
T

Insertion #2
(seas 80-9) ] 300
M MENEFEINR PPy
0 10 2 30 4 s 60 70 80 90 100

Reference
(Seqs 5-35)

bbb &

Sequence #

% HD/DD DIAL Comparison Test 030604_T1D
Ty (SF6 + NH3, Modelocker Out, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.02 + 0.68 (DD SF6) - -
c 0.15+ 1.69 (HDx3 SF6)
S
8 -1+ 38 (DD NH3)
2 25+ 249 (HDx3 NH3)
= Insertion 50 - 65 8.92 +1.08 (DD) 3.9(DD) 45
8 #1 (SF6) 5.86 +1.79 (HDx3) 2.6 (HDx3)
a Insertion 80-95 399+ 44 (DD) 8.7 (DD) 100
#2 (NH3) 237 £ 221 (HDX3) 5.2 (HDx3)

030604_000T1D_CLOSs

Modelocker Out; 4KS New BB; SF6/NH3
——T T T T T 900

. Insertion #]
+ sreoD) o (Seqs 50-65)
—— 5F6 (HD) | . B

nHa o) |1
NH3 (HD)

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insetion #2
(Seas 80-95) ] 300

Reference
(Seqs 5-35)

Sequence #

62




HD/DD DIAL Comparison Test 030529 _T4D
(SF6 + NH3, Modelocking On, 7KS Berm)

Sequences Measured CL. Measured | Expected
(ppm-m) Dp(ps) | Dp(psi)
Reference [ 5-35 0.05+ 1.72 (DD SF6) - -
< -0.16 + 2.01 (HDx3 SF6)
S
g 0 +125 (DD NH3)
£ 9 +148 (HDx3 NH3)
hst Insertion 50 -65 8.96 +2.70 (DD) 3.9 (DD) 4.5
8 #1 (SF6) 11.28+ 0.96 (HDx3) | 4.9 (HDx3)
a Insertion 80-95 203+ 95 (DD) 44(00) 100
#2 (NH3) 457 £119 (HDx3) | 100 (HDx3)

030529_000T4D_CLOSs
Modelocker On; 7KS Berm; SF6/NH3

1 L w00

B T rserion#]

uE + sreoD) | (Seqs 50-65) 700

13k SF6(HD) | * 7

12k N P b 600

n + iz oo | W~

NH3 (HD) | * I

10 . A 500

o Reforonce | : :
& ~ &F (Seqs 5-35) . [ . 400
? g 7F Gees V h z
& I : : w0 &
b4 & s . 3
& H : o E
e & El
z N wo 2
5 Ak
B AR o
o} X2 E
2 1% : FU R
T : : inserion 12 | 500

. : (seas 80-95)

0 10 2 30 4 S 60 W 80 0 100

Sequence #

% HD/DD DIAL Comparison Test 030529_T4B
Ty (SF6 + NH3, Modelocking Off, 7KS Berm)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.05+ 0.76 (DD SF6) - -
c 0.07 + 2.36 (HDx3 SF6)
S
8 5+ 88 (DD NH3)
2 -2 +238 (HDx3 NH3)
= Insertion 50 - 65 10.31+ 0.97 (DD) 4.5(DD) 45
8 #1 (SF6) 932 +1.84 (HDX3) 4.1(HDx3)
a Insertion 80-95 392 +120 (DD) 8.6 (DD) 100
#2 (NH3) 251 + 257 (HDX3) 5.5 (HDx3)

030529_000T4B_CLOSs
Modelocker Off; 7KS Berm; SF6/NH3
e r

. Insertion #] N
. (Seqs 50-68)
.

™ T 700

L e sre(0D)

+ == SF6 (HD) 600

500

8 400
= 7
) =
< £ 6 300 %
& £ s S
5 S 4 200 §
= B3 3
q, E
e 2 100
2 1
8 0 o
151 a
< 2 . T
T 3 Reference Insertion #2

ab' 1| (seasss)

5

Seg0s9) 200

Sequence #




HD/DD DIAL Comparison Test 030529 _T3D
(SF6 + NH3, Modelocking On, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference [ 5-35 -0.12+0.78 (DD SF6) - -
< 0.03 + 1.69 (HDx3 SF6)
S
g -7+ 78 (DD NH3)
& 13+ 219 (HDx3 NH3)
2 Insertion 50 -65 956 + 1,03 (DD) 4.2 (DD) 4.5
3 #1(SF6) 7.66 +1.43 (HDx3) | 3.3(HDx3)
a Insertion 80-95 418 +128 (DD) 9.1'5[)0% 100
#2 (NH3) 330 + 196 (HDx3) 7.4 (HDx3)
030529_000T3D_CLOS5s
% Modelocker On; 4KS New BB; SF6/NH3
brd nserion 7] T ™ 000

+  SF6(DD)
SF6 (HD)

(Seqs 50-65)

* NH3 (OD) | 7
NS (+0) | ¢

Reference
(Seqs 5-35)

SF6 (ppm-m)
(w-wdd) gHN

Heterodyne (CNRx3)

Insertion #2
(seas8099) ] o0
0 10 2 30 4 s 60 70 80 90 100

Sequence #

HD/DD DIAL Comparison Test 030529_T3B
Ty (SF6 + NH3, Modelocking Off, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.00+ 1.11 (DD SF6) - -
c 0.18+ 1.65 (HDx3 SF6)
S
8 -5+ 80 (DD NH3)
2 18+ 201 (HDx3 NH3)
= Insertion 50 - 65 8.78 +1.35 (DD) 3.8(DD) 45
8 #1 (SF6) 7.59 +1.01 (HDx3) 3.3(HDx3)
a Insertion 80-95 404 + 60 (DD) 8.8 (DD) 100
#2 (NH3) 209 +194 (HDX3) 4.6 (HDx3)

i 030529_000T3B_CLOSs

Modelocker Off; 4KS New BB; SF6/NH3

——T T —T
nsertion #1

. (Seqs 50-65) .
: ’\ = &
NH3 (DD) | * " N *
N 08 : 'wgf Iy M

+ SF6(DD)
—— SF6 (HD)

@ z 2
& H : 00 &
z g o) H g
S ® ' ' w0 %
= 5 b :
o . E
2 - . 0
5 f :
- . -100
s v 3 i
2 : : -200
3 ! . Do
T : Reference [ nserion #2400
b (Seqs 5-35) & N . (Seas 80-95)
8 -400
0 1 2 30 4 S e ™ 80 0 100
Sequence #




HD/DD DIAL Comparison Test 030416_T2Dm
(SF6 + NH3, Modelocking On, 7KS Berm)

Direct detection

)
2
4
z
g
2
2
S,
3
<l
]
17}
T

Sequences Measured CL. Measured | Expected
(ppm-m) Dp (ps) Dp (psi)
Reference 5-35 -0.09 +1.22 (DD SF6) = =
-0.18+ 1.48 (HDx3 SF6)
-2+ 88 (DD NH3)
-6 +145 (HDx3 NH3)
Insertion 50-95 7.53 £2.18 (DD) 3.3(DD) 4.3
#1 (SF6) 7.25 +1.28 (HDx3) 3.2 (HDx3)
Insertion 80-95 416+ 51 (DD) 9.1 WD) 100
#2 (NH3) 516 + 160 (HDx3) 11.3 (HDx3)
030416_000T2D_CLOSS
Modelocker On; 7KS Berm: SF6/NH3
16 800
15 Insertion 11
u {(Seqs 50-65) 700
12 : : 600
1
10 500
o
_ s Reference 400
T 5 (Seas 5:35) z
£ 6 30 &
£ s H
e 4 200 3
a3 3
2 00~
1
0 0
1
2 . 00
3 Insertion #2
3 (5eqs 80-95) J 200
5 . .
5 L 1 00

Sequence #

HD/DD DIAL Comparison Test 030416_T2B
(SF6 + NH3, Modelocking Off, 7KS Berm)

Direct detection

Heterodyne (CNRx3)

m
I I
= &= = (] I

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.05+ 0.97 (DD SF6) - -
0.39 + 4.33 (HDX3 SF6)
-1+ 58 (DD NH3)
4 +216 (HDX3 NH3)
Insertion 50-95 8,66 +1.03 (DD) 3.8(DD) 43
#1(SF6) 5.47 +3.74 (HDx3) 2.4 (HDx3)
Insertion 80-95 447 + 91 (DD) 9.8(DD) 100
#2 (NH3) 302 + 243 (HDX3) 6.6 (HDx3)
030416_000T2B_CLOSS
Modelocker Off; 7KS Berm; SF6/NH3
— T T T T T T 800
: . : Insertion 1
] [5ea55069
z z
£ 3 H
H 3
& El
Reference | Insertion #2 | -400
R (Seas5:35) | (seasg0-99) |
X 1 : . .
I 600
o 10 2 30 4o S 60 W 80 100

Sequence #




HD/DD DIAL Comparison Test 030416_T1D
(SF6 + NH3, Modelocking On, 4KS New BB)

Sequences Measured CL Measured | Expected
(ppm-m) Dp(ps) | Dp(psi)
Reference 5-35 -0.14+1.41 (DD SF6) - -
< 0.02:+ 1.19 (HDx3 SF6)
S
g -0.14 +1.41 (DD NH3)
£ 0.02 +1.19 (HDx3 NH3)
2 Insertion 50 -95 8.68 + 1.11 (DD) 3.8(DD) 4.3
8 #1 (SF6) 7.69£1.33 (HDx3) | 3.4(HDx3)
2] Insertion 80-95 490 68 (DD) 10.7 (DD) 100
#2 (NH3) 517+ 93 (HDx3) 11.3 (HDx3)

030416_000T1D_CLOSAS
Modelocker On; 4KS New BB; SF6/NH3

18 1300
oY SF6.(OD) Insertion 11 : o 1200
ul SF5 (HD) {seqs 50-65) . + o 1100

insertion
(Seqs 80-95)

0| o] 1000
o N :

OF L - )| . 900

s | : 800
Py _9F 1 Reference 200

£ - z

& £ o} (Seqs 5-35) w0 X
z g s 50§
o H ]
H s w
2
= 2 200
<] 1 N Pe 100
2 0 0
° i
T 1 00

2

3

0

Sequence #

% HD/DD DIAL Comparison Test 030416_T1B
Ty (SF6 + NH3, Modelocking Off, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 0.01+ 0.60 (DD SF6) - -
< 0.23 + 2.64 (HDX3 SF6)
S
g 0+ 54 (DD NH3)
2 3 +157 (HDX3 NH3)
= Insertion 50-95 8.13 +0.58 (DD) 3.6(DD) 43
8 #1 (SF6) 3.73 +3.00 (HDX3) 1.6 (HDx3)
a Insertion 80-95 414+ 34 (DD) 9.0 (DD) 100
#2 (NH3) 344 149 (HDX3) 7.5 (HDx3)

i 030416_000T1B_CLOSS
Modelocker Off; 4KS New BB; SF6/NH3
—— T T T T 70

6 (0D) Insertion #1
SF6 (HD) Jseqs 506

5 :HA;/*{QM

SF6 (ppm-m)
(w-wdd) gHN

Reference

Insertion 2
(Seqs 5-35) 300

(Seqs 80-95)

Heterodyne (CNRx3)

bhubhbbbbornw bao oo BRERER

Sequence #




HD/DD DIAL Comparison Test 030415 T1F
e (SF6 + NH3, Modelocking Off, 4KS New BB)

Sequences Measured CL. Measured | Expected
L, (ppm-m) Dp (ps) Dp (psi)
Reference [ 5-35 0.13+ 0.92 (DD SF6) = =
o 0.86 % 2.29 (HDx3 SF6)
S
g 11 +79 (DD NH3)
T 57 + 258 (HDx3 NH3)
hst Insertion 50 -95 4.84 +052 (DD) 2.1(DD) 4.3
3 #1 (SF6) 5.11 +3.08 (HDx3) 2.2 (HDx3)
a Insertion 80-95 353+ 73 (DD) 7.7(DD) 100
#2 (NH3) -82+ 176 (HDX3) -1.8 (HDx3)

030415_000T1F_CLOSS
Modelocker Off; 4KS New BB; SF6/NH3

+ SF6 (OD)
+ = SF5 (HD)

+ d 1000

8 800

7 700

6 [ 500
— 5 500
9 z 4 w00 2
& £ 3 30 &
Z g 2 w0 g
[3) e 1 00 2
e I o 2
c 1 -100
= 2 200
o 3 300
k5] 4 - 400
] 5 : . o + 9 s00
T s Reference Insertion 11 insertion #2500

2 (Seas5:35) | {(Seqs 50-65) (seas80-95) 1 700

8

N PP P MENEFER Jreed

0 10 2 30 4 S 60 W 80 0 100

Sequence #

HD/DD DIAL Comparison Test 030415 _T1D
g (SF6 + NH3, Modelocking On, 4KS New BB)

Sequences Measured CL. Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 -0.06 +0.59 (DD SF6) - -
< 0.13+ 1.13 (HDX3 SF6)
S
g 2+ 91 (DD NH3)
2 0+ 77 (HDX3 NH3)
= Insertion 50-95 438 +053 (DD) 1.9 (DD) 43
8 #1 (SF6) 5.18 +1.67 (HDx3) 2.3 (HDx3)
a Insertion 80-95 442 + 96 (DD) 9.7 (DD) 100
#2 (NH3) 342 £138 (HDX3) 7.5 (HDx3)

030415_000T1D_CLOSs
Modelocker On; 4KS New BB; SF6/NH3
—T T T T

Insertion #1,
Seqs 50-65)

oF + « sreD)
* e SF6 (HD)

NH3 (DD)
NH3 (HD)

6f + .
) 2 S[ ! Reference ! 4 z
g £ . (Seqs 5-35) K F3
z & . g
o e 3 Y ]
s K | w0 2
€ H
2 1 100
° 0 . 0
2
o 1 L Inserion #2100
T : (Seas 80-95)

2F : € 200

3 -300

0 10 2 30 4 S 60 ™ 80 0 100

Sequence #

67




HD/DD DIAL Comparison Test 030224_T4D
(Modelocking On, 7KS Berm, OND/5X)

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.03 +0.49 (DD) - -
< 0.15+0.98 (HDx3)
i<}
5 Insertion 50- 65 4.92 +1.00 (DD) 2.2 (DD) 3.0
g #1 6.96+1.40 (HDx3) | 3.0(HDx3)
° Insertion 80-95 9.23 +0.76 (DD) 4.0 (DD) 6.0
3 #2 13.71 £1.23 (HDx3) | 6.0 (HDx3)
a

030224_000T4D_CLOSs
Modelocking On; 7KS Berm (0 ND /5X)

F '+ Direct Detection Insertion 17

5 E (Seqs 50-65)
+ Heterodyne (CNRx3)

1 . .

n

10

)

Reference
(Seqs 5-35)

SF6 (ppm-m)

i i
Insertion #2

A (Seas 50.95)
AN RO

Heterodyne (CNRx3)

‘Sequence #

% HD/DD DIAL Comparison Test 030224_T4B
Ty (Modelocking Off, 7KS Berm, OND/5X)

Sequences Measured CL Measured | Expected
(ppmm) D (ps) Dp (psi)
Reference 5-35 -0.01 +0.66 (DD) - -
= 0.24+1.54 (HDx3)
S
5 Insertion 50- 65 4.24 +0.73 (DD) 1.9 (DD) 3.0
g #1 6.50+1.18 (HDx3) | 2.8 (HDx3)
< Insertion 80-95 7,56 +0.50 (DD) 3.3(DD) 6.0
g # 9.69+1.83 (HDx3) | 4.2 (HDx3)
a

i 030224_000T4B_CLOSS
Modelocking Off; 7KS Berm (0 ND /5X)
— T T T

14—
BEF s oirect Detecion erton 1t
2F o teeognecng | I
wp . . . .
° Reference  §

8 (Seqs 5-35)

SF6 (ppm-m)

ertion #7
(Seqs 80-95)

Heterodyne (CNRx3)

Sequence #




HD/DD DIAL Comparison Test
030224_T3D (Modelocking On, 4KS BB, 1ND/5X)

Sequences Measured CL Measured | Expected

(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0,03 +1.10 (DD) -

< 0.08 +0.89 (HDx3)

i<}

5 Insertion 50- 65 4.89 +0.69 (DD) 2.1(DD) 3.0

g #1 6.15+1.37 (HDx3) | 2.7(HDx3)

° Insertion 80-95 10.45 =061 (DD) | 4.6(DD) 6.0

3 #2 10.78 £1.75 (HDx3) | 4.7 (HDx3)

g

030224_000T3D_CLOSs
Modelocking On; 4KS Blueboard (1 ND / 5X)

#F e Direct Detecion Insertion #1, ot
Py (Seqs 50.65]
BE L reeosnecwra| .

Reference
(Seqs 5-35)

SF6 (ppm-m)

Insertion #2
(Seqs 80-95)

Heterodyne (CNRx3)

‘Sequence #

HD/DD DIAL Comparison Test
*¢¥ 030224_T3B (Modelocking Off, 4KS BB, 1ND/5X)

Sequences Measured CL Measured | Expected
[, (ppm-m) Do (ps) | Dp(psi)
Reference 5-35 -0.02 +0.73 (DD) - -
< 0.34+1.50 (HDx3)
S
5 Insertion 50- 65 557 £0.70 (DD) 2.4(DD) 3.0
g #1 3.52+2.29 (HDx3) | 1.5(HDx3)
o Insertion 80-95 10.71 +0.70 (DD) 4.7 (DD) 6.0
3 # 7.09+1.86 (HDx3) | 3.1(HDx3)
a

i 030224_000T3B_CLOSSs
Modelocking Off; 4KS Blueboard (1 ND / 5X)

+  Direct Detection ‘S"SE“‘;O";;:
+ Heterodyne (chRiy) [ (52955005

Reference
(Seas 5-35)

SF6 (ppm-m)

Insertion #2
(Seqs 80-95)

Heterodyne (CNRx3)

Sequence #




HD/DD DIAL Comparison Test
030224_T2D (Modelocking On, 4KS BB, 1ND/1OX)

Sequences Measured CL Measured | Expected

(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.14 +1.23(DD) -

< 0.10:+1.09 (HDx3)

i<}

5 Insertion 50- 65 6.00 £0.72 (DD) 2.7 (DD) 3.0

g #1 5.13+0.91(HDx3) | 2.2(HDx3)

° Insertion 80-95 10.63 =096 (DD) | 4.7(DD) 6.0

3 #2 10.38 +1.59 (HDx3) | 4.5 (HDx3)

g

030224_000T2D_CLOSs
Modelocking On; 4KS Blueboard (1 ND / 10X)

F« Diect Detecton Insertion 17
(seas5065]
+ Heterodyne (CNRx3)

Reference
(Seqs 5:35)

SF6 (ppm-m)

Heterodyne (CNRx3)

Insertion #2
(Seqs 80-95)

‘Sequence #

HD/DD DIAL Comparison Test
*¢¥ 030224_T2B (Modelocking Off, 4KS BB, 1ND/10X)

Sequences Measured CL Measured | Expected
(ppmm) D (ps) Dp (psi)
Reference 5-35 0.00 +0.62 (DD)
< 0.02 +1.64 (HDx3)
S
5 Insertion 50- 65 5.60 +0.60 (DD) 2.5(DD) 3.0
g #1 2.65+1.96 (HDx3) | 1.2 (HDx3)
S Insertion 80-95 10.60 + 1.07 (DD) 4.6 (DD) 6.0
g # 6.03+1.13 (HDx3) | 2.6 (HDx3)
a

030224_000T2B_CLOSs
Modelocking Off; 4KS Blueboard (1 ND /10X)

+  Direct Detection ‘S"SE“‘;O";;:
+ Heterodyne (cnRiy) || (509 5005k

D Reerence :

4 (Seqs 5-35)
) = 7
& N
8 ;o
e G o3
g :
% 1
g o
151 1
3 2 s 72
I 3 (Seqs 80-95)
2 e
s
o 1 m 0w w w m s w0

Sequence #

70




HD/DD DIAL Comparison Test

o

030224_T1D (Modelocking On, 4KS BB, 3ND/1OX)

Sequences Measured CL Measured | Expected

i (ppm-m) o (ps) | Dp(psi)
Reference | 5-35 0.03 +0.53 (DD) - =

< 2.021.46 (HDx3)

i<}

5 insertion 50-65 3.98 £0.60 (DD) 1.7(DD) 3.0

g #1 5.15:1.19 (HDx3) | 2.3(HDx3)

S insertion 80-95 9.68 £0.89 (DD) 4.2 (DD) 6.0

3 # 9.31+1.55(HDx3) | 4.1(HDx3)

g

030224_000T1D_CLOSs

Modelocking On; 4KS Blueboard (3 NDs / 10X)

SF6 (ppm-m)

(sea

'+ Direct Detection
# _Heterodyne (CNRx3)

Reference
15 5-35)

Insertion #1*
(seas - 55).

\nserion #2
(eqs 80-95)

Heterodyne (CNRx3)

‘Sequence #

HD/DD DIAL Comparison Test
*¢¥ 030224_T1B (Modelocking Off, 4KS BB, 3ND/10X)

Sequences Measured CL Measured | Expected
[, (ppm-m) Do (ps) | Dp(psi)
Reference 5-35 0.08 +0.81 (DD) - -
< 0.11+1.43 (HDx3)
S
5 Insertion 50- 65 5.58 +0.53 (DD) 2.4(DD) 3.0
g #1 4.78+1.56 (HDx3) | 2.1(HDx3)
S Insertion 80-95 9.38 +0.90 (DD) 4.1(DD) 6.0
g # 8.39+1.77 (HDx3) | 3.7 (HDx3)
a

030224_000T1B_CLOSs

Modelocking Off; 4KS Blueboard (3 NDs / 10X)

(Seas

+  Direct Detection w
Heterodyne (CNRx3) . "

Reference
5.35)

Insertion #1
(Seas 50-65)

) =

X £

24 g

z =3

o g

= 5

2

>

3

°

2

2 nserion 42
I v (Seqs 80-95)

Sequence #

71




HD/DD DIAL Comparison Test
030129_T2D (Modelocking On, 7KS Berm)

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) Dp (psi)

Reference | 5-35 -0.03 £1.28 (DD) - -

< -0.06 +1.01 (HDx3)

i<}

3 Insertion 50-65 5.64 +0.51 (DD) 2.5(DD) 3.0

g #1 5.52+1.05(HDx3) | 2.4 (HDx3)

° Insertion 80-95 952 +1.84 (DD) 4.2 (DD) 6.0

3 #2 10.41 £1.36 (HDx3) | 4.6 (HDx3)

g

030129_000T2D_CLOSs
Modelocking On; 7KS Berm

+ Diect Detecton Insertion #1,
s (Seqs 50.65]
+ tewosne cnma | .

1o l * Reence . . " X
" o] 1 ks :
2 : : .
I AF . .
Ll [ ia ; nserion 42
I ;‘#. J‘W, : : (Seqs 80.08)

‘Sequence #

SF6 (ppm-m)

Heterodyne (CNRx3)

HD/DD DIAL Comparison Test
Ty 030129 _T2B (Modelocking Off, 7KS Berm)

Sequences Measured CL Measured | Expected

[, (ppm-m) Do (ps) | Dp(psi)
Reference 5-35 0.01 +0.49 (DD) - -

< 0.01 +1.81 (HDx3)

S

5 Insertion 50- 65 4.56 +0.70 (DD) 2.0(DD) 3.0

2 #1 3.12+1.16(HDx3) | 1.4(HDx3)

3]

S Insertion 80-95 9.39 +0.82 (DD) 4.1(DD) 6.0

g # 6.21+1.20 (HDx3) | 2.7 (HDx3)

a

i 030129_000T2B_CLOSs
Modelocking Off; 7KS Berm
— T

12 T T
+  Direct Detection ‘S"SE“‘;O";;:
s 50-
Of 4 eeognecnray | 05005
of ¢
T Reterence
(Segs 5-35)
P
£
g e
§

Insertion 2
(Seqs 80-95)

Heterodyne (CNRx3)

Sequence #

72




HD/DD DIAL Comp
030129_T1D (Modelock

arison Test
ing On, 4KS BB)

Sequences Measured CL Measured | Expected
L, (ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.03 +0.75 (DD) - -
< -0.10 +1.25 (HDx3)
i<}
5 Insertion 50- 65 6.48 +0.61 (DD) 2.8 (DD) 3.0
2 #1 2.55+1.17 (HDx3) | 1.1(HDx3)
o}
S Insertion 80-95 1188 =081 (DD) | 5.2(DD) 6.0
g #2 6.45+0.71(HDx3) | 2.8(HDx3)
a
030129_000T1D_CLOSs
“ Modelocking On; 4KS Blueboard
+ Diect etecion nserion 1.
wf o R :
Reference N
sl (Ses 555)
5
]
G

Heterodyne (CNRx3)

“Insertion #2
(Seqs 80-95)

‘Sequence #

HD/DD DIAL Comp
030129 T1B (Modelocki

arison Test
ng Off, 4KS BB)

Sequences Measured CL Measured | Expected
L, (ppm+-m) D (ps) | Dp(psi)
Reference 5-35 -0.01 +0.66 (DD) - -
< 0.05+2.18 (HDx3)
S
g Insertion 50-65 5,68 +0.63 (DD) 2.5(DD) 3.0
2 #1 2.64+2.72(HDx3) | 1.2 (HDx3)
3]
S Insertion 80-95 10.43 £0.49 (DD) 4.6 (DD) 6.0
g # 6.75+1.79 (HDx3) | 3.0 (HDx3)
a
Y 030129_000T1B_CLOSS
Modelocking Off; 4KS Blueboard
T T T T T —
2T+ Diect Detection nserion 1,
or Btz : : :
(Seqs 5-35)
oL . L ARA M
l H : : :‘VT T
£ 4
& o
° '
G .0

Heterodyne (CNRx3)

. Insertion 2

(Seqs 80-95)
0 & ™ 80 9 100
Sequence #

73




HD/DD DIAL Comparison Test
e 030123_T2D (Modelocking On, 7KS Berm)

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.01 +0.84 (DD) - -
< -0.06 +1.42 (HDx3)
i<}
5 Insertion 50- 65 6.07 +0.50 (DD) 2.7 (DD) 3.0
g #1 4.84+1.25(HDx3) | 2.1(HDx3)
° Insertion 80-95 1011144 (DD) | 4.4(DD) 6.0
3 #2 9.54+1.97 (HDx3) | 4.2(HDx3)
a

030123_000T2D_CLOSs
Modelocking On; 7KS Berm

ur Direct Detection Insertion 17
(Seas 50-65)
Heterodyne (CNRx3) . .

Reference
(Seqs 5-35)

SF6 (ppm-m)

Insertion #2
(Seqs 80-95)

Heterodyne (CNRx3)

‘Sequence #

HD/DD DIAL Comparison Test
g 030123 _T2B (Modelocking Off, 7KS Berm)

Sequences Measured CL Measured | Expected
(ppmm) D (ps) Dp (psi)
Reference 5-35 0.00 +0.71 (DD) - -
< 0.09 +1.93 (HDx3)
S
5 Insertion 50- 65 5.75 +0.53 (DD) 2.5(DD) 3.0
g #1 4.28+2.18(HDx3) | 1.9 (HDx3)
o Insertion 80-95 11.17 £0.75 (DD) 4.9(DD) 6.0
3 # 10.41 +0.96 (HDx3) | 4.6 (HDx3)
a

i 030123_000T2B_CLOSs
Modelocking Off; 7KS Berm
— T

2F 4 Drect Detecion rserion 11
ol ot oo o | S0t

Reference

! (Seqs535)

SF6 (ppm-m)

Insertion 2
(Seqs 80-95)

Heterodyne (CNRx3)

Sequence #

74




HD/DD DIAL Comparison Test
e 030123_T1D (Modelocking On, 4KS BB)

Sequences Measured CL Measured | Expected

i (ppm-m) o (ps) | Dp(psi)
Reference | 5-35 0.07 +0.92 (DD) - =

< 0.03+1.12 (HDx3)

i<}

5 Insertion 50- 65 5.52 £0.80 (DD) 2.4(DD) 3.0

g #1 2.64+1.15(HDx3) | 1.2(HDx3)

° Insertion 80-95 1229 +053 (DD) | 5.4(DD) 6.0

3 #2 8.46+0.83 (HDx3) | 3.7(HDx3)

g

030123_000T1D_CLOSs
Modelocking On; 4KS Blueboard

+  Diect Detection Inserton #1, I
. (seas - 55).
* _ Heterodyne (CNRK3) f

of

! Reference
e
Ll A
3 : : : ‘nserton 2
2 1 N . N (Seqs 80-95)
oo

‘Sequence #

SF6 (ppm-m)

)
2
4
z
g
2
2
S,
3
<l
]
17}
T

HD/DD DIAL Comparison Test
g 030123_T1B (Modelocking Off, 4KS BB)

Sequences Measured CL Measured | Expected
(ppmm) D (ps) Dp (psi)
Reference 5-35 0.05 +0.72 (DD)
< 0.22+2.24 (HDx3)
S
5 Insertion 50- 65 5.99 +0.55 (DD) 2.6(DD) 3.0
g #1 3.85+2.67 (HDx3) | 1.7 (HDx3)
o Insertion 80-95 11.37 +0.74 (DD) 5.0(DD) 6.0
3 # 8.48+2.50 (HDx3) | 3.7 (HDx3)
a

030123_000T1B_CLOSs
Modelocking Off; 4KS Blueboard
—TT T

14— T
nserion
+ Diect Detecion .
2l
+  Heterodyne (CNRx3) ‘55“55055)' . 'j‘
ol . : V L
. . . e
sb o reference .

/ .

(Seas 5-35)

SF6 (ppm-m)

Insertion 2
(Seqs 80-95)

Heterodyne (CNRx3)

Sequence #

75




% HD/DD DIAL Comparison Test
Ty 021218_T3F (Modelocking On, 15KS BB)

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.08 +1.78 (DD) - -
< 0.18+1.82 (HDx3)
i<}
5 Insertion 50- 65 4.69 +1.12 (DD) 2.1(DD) 3.0
g #1 3.53+1.51(HDx3) | 1.5(HDx3)
S| Insertion 80-95 7.40 +3.02 (DD) 3.2(DD) 6.0
3 #2 7.99+1.93(HDx3) | 3.5(HDx3)
g

021218_000T3F_CLOSS
Modelocking On; 15KS Blueboard

w| e e Detcion g :
+ _Heterodyne (CNRx3) . y
v . .t

ftl

w0f . Reference
(Seqs 5-35)

SF6 (ppm-m)

nsertion #3
(Seas 80-95)

Heterodyne (CNRx3)

‘Sequence #

% HD/DD DIAL Comparison Test
g 021218 T3D (Modelocking Off, 15KS BB)

Sequences Measured CL Measured | Expected
[, (ppm-m) Do (ps) | Dp(psi)
Reference 5-35 0.04 +1.00 (DD) - -
< 0.33+1.26 (HDx3)
S
5 Insertion 50- 65 4.37 +1.36 (DD) 1.9 (DD) 3.0
g #1 5.92+1.24(HDx3) | 2.6 (HDx3)
S Insertion 80-95 7.61 +1.98 (DD) 3.3(DD) 6.0
g # 9.68+1.98 (HDx3) | 4.2 (HDx3)
a

021218_000T3D_CLOSs
Modelocking Off; 15KS Blueboard

IT— P

Reference
(Seqs 5-35)

SF6 (ppm-m)

Heterodyne (CNRx3)

sk \ : : : :
b : : Insertion #3
2f . '&[ : : : (Seqs 80-95)
“
o o m w0 o = @ 1w 0 % 100
Sequence #

76




-

HD/DD DIAL Comparison Test

020926_000T2F (Modelocking Off, 7KS Berm)

Sequence #

— CL Expected
S (ppm -m) Dp(psi) | Do (ps)
° Reference 5-35 0.03 +0.56 (DD) = =
-] 1.41+ 3.65 (HDt1)

3 0.34 £2.11 (HDx1)

8 insertion | 50 -65 4.75 +0.47 (DD) 2.1 (DD) 30
£ #1 9.14+ 465 (HDt1) | 4.0(HDt1)

o 9.02 +2.50 (HDx1) | 3.9 (HDx1)

Insertion | 80 -95 9.28 +0.92 (DD) 4.1 (DD) 60
#2 14.57 £2.22 (HDt1) | 6.4 (HDt1)

_ 13.02+ 2.11 (HDx1) | 5.7 (HDx1)

g N
o
4 020926_000T2F_CLOSs
S Modelocking Off; 7KS Berm
2 i w T T T
s ©F| + oiectDetecion Inserion #11
g —— Heterodyne (CNRi1) (Seas s0.657
= 16 + Heterodyne (CNRx1) . .

: E

T 1 Reference . et

- (Seas535)  + FA

£ . . !

— £
g l H
% H
& &

z
(2]

o J
s Insertion #2

'g L.Seqsﬁl)—gsf
L
Q
I 50 60 70 80 20 100

Sequence #
A .
Ty 020926_000T2D (Modelocking On, 7KS Berm)

— Sequences Measured CL Measured | Expected
s (ppm-m) Do (ps) | Dp(psi)
B Reference 5-35 0.02 +0.58 (DD) - -
2 3.48 +4.66 (HDt1)

3 0.30 +1.68 (HDx1)
g Insertion 50-65 6.13 +0.60 (DD) 2.7 (DD) 3.0
= #1 6.96 +2.89 (HDt1) | 3.0 (HDtL)
a 7.65+0.97 (HDx1) | 3.3(HDx1)
Insertion 80-95 11.71 +0.72 (DD) 5.1(DD) 6.0
#2 16.41+ 3,80 (HDt1) | 7.2 (HDtL)
1302 £1.71 (HDx1) | 5.7 (HDx1)
g
4
z 020926_000T2D_CLO5s
Qo " Modelocking On; 7KS Berm
o
< 2% + Direct Detection erton 1t
g z *+ Heterodyne (CNRUL) (Seas 50.65
S 20 f —v—rieterodyne (cnrxt) | :
k] 18 .
T wfF | Reference :
—J (Seqs 5-35)
— :
I H
g G
z
(2]
o
s P ‘nsertion #3
8 4 (Seqs 80-95)
o . .
H] s
Q 8
T 10w 30 4 s 60 1 80 % 100




HD/DD DIAL Comparison Test
e 020926_000T1D (Modelocking On, 4KS BB)

Sequence #

— Sequences Measured CL Measured | Expected
s (ppm-m) Do (ps) Dp (psi)
B Reference 5-35 -0.01 +0.51 (DD) = =
£ 0.13 +1.19 (HDt1)

3 -0.06 +0.80 (HDx1)

g Insertion 50-65 6.35 +0.85 (DD) 2.8 (DD) 3.0
= #1 8.99 +2.02 (HDt1) | 3.9 (HDtL)

a 5.82+0.77 (HDx1) | 2.5(HDx1)

— Insertion 80-95 1228 +054 (D) | 5.4(DD) 6.0

#2 17.18+ 2.88 (HDt1] 7.5 (HDt1)
1173 £155 (HDx1) | 5.1(HDx1)

=
4
z 020926_000T1D_CLOSs
8 Modelocking On; 4KS Blueboard
> %

13 2 Direct Detection Insertion #17
= (Seqs 50-65]
3 2 Heterodyne (CNRt1) v
e eterodyne (CNRx1)
% 18
T BF D Reference
ll I ) . .
z .
— £ :
) H
g G
z
e nserton #2
2 (Seas 80-95)
s :
3 TR
S :
5} .
© i
I 100
Sequence #
A .
g 020926_000T1A (Modelocking Off, 4KS BB)

— Sequences Measured CL Measured | Expected
s (ppm-m) Do (ps) | Dp(psi)
B Reference 5-35 0.04 +0.59 (DD) - -
2 0.02 +1.69 (HDt1)

3 0.01 +1.88 (HDx1)
g Insertion 50-65 7.18 +0.38 (DD) 3.1(DD) 3.0
= #1 7.23+1.92 (HDt1) | 3.2 (HDtL)
a 5.74+1.60 (HDx1) | 2.5(HDx1)
Insertion 80-95 14.27 +0.26 (DD) 6.2(DD) 6.0
#2 12.29+ 0.7 (HDt1) | 5.4 (HDtL)
10,04 £1.00 (HDx1) | 4.4 (HDx1)
=
4
z 020926_000T1A_CLO5s
o Modelocking Off; 4KS Blueboard
o [ j .
S T+ Drect Detecton nserion 1,
8 ufF * Heterodyne (CNRY) (Seas 50-65,
3 —v— Heterodyne (CNRx1) . .
k] fe3 8 . .
T D Reference |

] wE o, (Seqs535)

- :®
4 2 .

z

S 2

o

€ N PR
3 Insertion #2

<} 2 (Seqs 80-95)

5} . .

o 4

T 0 10 2 30 4 s 60 o 80 100

78




HD/DD DIAL Comparison Test
Ty 020916_000T2D (Modelocking On, 7KS Berm)

— Sequences Measured CL Measured | Expected
s (ppm-m) Do (ps) Dp (psi)
B Reference 5-35 0.00 +1.15 (DD) = =
o 1.17 £3.44 (HDtL)

3 -0.09 +1.99 (HDx1)
g insertion |  50-65 479 +1.32(DD) 2.1(DD) 3.0
£ #1 237 +2.53 (HDt1) | 1.0 (HDI1)
a 5.03+1.22 (HDx1) | 2.2 (HDx1)
— Insertion 80-95 859 +0.91 (DD) 3.6 (DD) 6.0
# §30+4.0 (o) [ 28 (ot
96+4.13 (HDx1) | 4.3 (HDx1)
=)
&
=4 020916_000T2D_CLO0Ss
(& Modelocking On, 7KS Berm
Y 1
g w6l et petcton
'8 Heterodyne (CNRt1) N
S 1 rerodyne (CNRxT) B
2
Q
I
B

— £
=) H
g 5
z
)

@
2
ES
3
<l
]
3
I 100

‘Sequence #

HD/DD DIAL Comparison Test
g 020916_000T2B (Modelocking Off, 7KS Berm)

— Sequences Measured CL Measured | Expected
5 (ppm-m) D (ps) Dp (psi)
B Reference 5-35 -1.98 +£0.62 (DD) - -
2 0.22 +2.79 (HDt1)

3 0.43 +2.20 (HDx1)

g Insertion 50-65 2.73 £1.23(DD) 1.2(DD) 3.0
= #1 3.84 +2.26 (HDt 1.7 (HDt1)
a 3.11+3.12 (HDx1) | 1.4 (HDxI)
Insertion 80-95 7.28 £1.20 (DD) 3.2(DD) 6.0
#2 165 +2.90 WD‘I) 0.7 (HDt1)
5.72+1.98 (HDx1) | 2.5(HDx1)
g
&
z 020916_000T2B_CLOSs
Qo Modelocking Off, 7KS Berm
° T T T T T T T
S + Direct Detection N
3 8[ * Heterodyne (cNRY) . .
<3 —— tieteradyne (o) | [[ * :
o s
1) .
- j\i 3
<) H P S
4 s :
z .
[3) '
@
c
=
)
°
2
5]
T 0 6 M 8 % 100

Sequence #

7



% HD/DD DIAL Comparison Test
Ty 020916_000T1D (Modelocking On, 4KS BB)

— Sequences Measured CL Measured | Expected
s (ppm-m) Do (ps) Dp (psi)
B Reference 5-35 -0.03 +0.94 (DD) - -
g 0.09 +1.35 (HDt1)

3 0.00+1.43 (HDx1)

3 Insertion | 50-65 516+0.68(DD) | 2.3(DD) 3.0
£ # 294+148 (HDtL) | 1.3 (HDIL)

a 2.72+0.82 (HDx1) | 1.2(HDx1)

— Insertion 80-95 1010 092 (D) | 4.4(DD) 6.0

# 10,40+ 2.15(HDt1) | 4.6 (HDt1)
7.47%159 (HDxi) | 3.3(HDx1)

=)

&
=4 020916_000T1D_CLOSs
(& Modelocking On
o 16
g B -

'8 *  Heterodyne (CNRt1)
e | = reerone R
k]
I

B

— £
=) H
é 5
z
)

@
2
s
3
<l
]
s
I 100

‘Sequence #

HD/DD DIAL Comparison Test
020916_000T1A (Modelocking Off, 4KS BB)

[ Direct detection | f‘

Sequences Measured CL Measured | Expected
(ppm-m) Dp (ps) Dp (psi)
Reference 5-35 0.00 +0.61 (DD) - -
| 0.24 +1.26 (HDt1)
- 0.08 +1.57 (HDx1)
Insertion 50-65 5.80 +0.50 (DD) 2.5(DD) 3.0
#1 5.86 +2.15 (HDtl) | 2.6 (HDtl)
3.82+1.48 (HDx1) | 1.7 (HDxI)
Insertion 80-95 12.16 +0.36 (DD) 5.3 (DD) 6.0
#2 11.84+ 1.48(HDt) | 5.2 (HDt1)
7.80+1.72 (HDx1) | 3.4 (HDxI)
g
&
z 020916_000T1A_CLOSs
Qo Modelocking Off
> 14 T — T —
S [+ DiectDetection . .
3 Z2F  + Heterodyne (CNRt1)
3 [ —v—Heteroayne (CNRx1)
2 10
K . .
] _ef ! .
— I
<) e
4 E o
z
o 2
@
s 0
)
°
3 2
5]
T 0 10 2 3 4 S 6 7 8 0 100

Sequence #




HD/DD DIAL Comparison Test
020806_000T1D (Non-Modelocked, 4KS BB)

| Direct detection |

| Heterodyne (CNRt1) |

| Heterodyne (CNRxx) |

Sequences Measured CL Measured | Expected
(ppm-m) Dp (ps) Dp (psi)
Reference 5-35 0.03 £0.77 (DD) - -
0.33 2,52 (HDt1)
0.22+1.36 (HDxx)
Insertion 50- 65 5.80 +0.39 (DD) 2.5(DD) 3.0
#1 436 +1.86 (HDt1) | 1.9 (HDt1)
3.43+1.97 (HDxx) | 15(HDxx)
Insertion 80-95 10.56 +0.89 (DD) 4.6 (DD) 6.0
#2 8.67 +2,54 (HDt1) | 3.8 (HDt1)
6.65%2.36 (HDxx) | 2.9 (HDxx)

020806_000T1D_CLOSS

'+ Direct Detection
terodyne (CNR(1)
Heterodyne (CNRxx)

SF6 (ppm-m)

‘Sequence #

HD/DD DIAL Comparison Test
020806_000T1B (Modelocked, 4KS BB)

| Direct detection |

| Heterodyne (CNRt1) |

| Heterodyne (CNRXxx) |

Sequences Measured CL Measured | Expected
(ppm-m) D (ps) Dp (psi)
Reference 5-35 -0.05 +0.85 (DD) - -
-0.03 +1.92 (HDt1)
-0.04 +1.62 (HDxx)
Insertion 50-65 4.73 +0.55 (DD) 2.1(DD) 3.0
#1 6.21 +1.65 (HDllg 2.7 (HDt1)
5.00£1.42 (HDxX) | 2.2 (HDxx)
Insertion 80-95 10.85 +0.41 (DD) 4.7(DD) 6.0
#2 10.81+ 1.68(HDt1) | 4.7 wm)
9.15+0.92 (HDxx) | 4.0(HDxx)

020806_000T1B_CLOSS

1 T T T —T T
+  Direct Detection

terodyne (CNRt1)
Heterodyne (CNRxx)

SF6 (ppm-m)

Sequence #

81




7

HD/DD DIAL Comparison Test
020717_000T2D (Modelocked, 4KS BB)

| Direct detection |

| Heterodyne (CNRt1) |

| Heterodyne (CNRxx) |

Sequences Measured CL Measured | Expected
(ppm-m) Do (ps) Dp (psi)
Reference | 5-35 0.08 +0.71 (DD) - ~

0.11 +1.82 (HDt1)
0.04 +1.37 (HDxx)

Insertion 50-65 5.77 +0.55 (DD) 2.5 (DD) 3.0
#1 562 +1.67 (HDtl) | 2.5 (HDtL)
6.08+1.71 (HDxx) | 2.7(HDxX)

Insertion 80-95 9.92 +0.59 (DD) 4.3(DD) 6.0
#2 10.40+ 1.10 HD[l; 4.6 thl)
10.90 +1.32 (HDxx) | 4.8(HDxx)

020717_000T2D_CLOSs

- '+ Direct Detection
[ —v—Heterodyne (CNRi1)
+  Heterodyne (CNRxx) .

SF6 (ppm-m)

‘Sequence #

e

HD/DD DIAL Comparison Test
020717_000T2A (Non-Modelocked, 4KS BB)

| Direct detection |

| Heterodyne (CNRt1) |

| Heterodyne (CNRXxx) |

s |

Sequences Measured CL Measured | Expected
(ppmm) D (ps) Dp (psi)
Reference 5-35 0.00 +0.69 (DD) 0.0 -
0.11 +2.83 (HDt1) 0.0
3.76 +1.57 (HDxX) 16
Insertion 50-65 5.98 +0.64 (DD) 2.6 (DD) 3.0
#1 321+2.77 (HDllg 1.4 (HDt1)
7.52+2.66(HDxX) | 3.3 (HDxx)
Insertion 80-95 12.21 £0.77 (DD) 5.3(DD) 6.0
#2 11.10+ 2.13 (HDt1 4.8 (HDt1)

1427 £2.70 éHDxxg 62 (a—lix)

020717_000T2A_CLOSS

+  Direct Detection

—v— Heterodyne (CNRt1)
# _ Heterodyne (CNRx<)

SF6 (ppm-m)

Sequence #

82




HD/DD DIAL Comparison Test

020529_000001 (HD Tx-Normalized, 4KS BB)

c
il
o
2
13}
o
S
L
£

Heterodyne

Gomoes peEEn

et Ao

¥
g B

dil

?h ence: Measured CL Measured | Expected
[Time (hh:mm s ) (ppm-m) Dp (ps) | Dp (ps)
Reference = 0.26 + 0.98 (DD) - -
[1:00:13 “0 32]| 034+ 1.13(HD)
Insertion 40 -55 7.95+ 1.24(DD) | 3.5(DD) 30
#1 [1:00:52 —1:01:11] +1.42(HD) | 1.0 (HD)
Insertion 70 -85 15.46 +1.47 (DD) | 6.8(DD) 60
# [1:01:31 —1:01:50] | 2.54+ 0.81(HD) | 1.1 (HD)
Steady 100 - 115 16.91 +141 (DD) | 7.4 (DD) 60
State [1:07:10 —1:08:29] | 0.97 + 0.89(HD) | 0.4 (HD)
Insertion 130 — 145 20.14 +2.53 (DD) | 8.8 (DD) 90
#3 (*sat) [[1:07:49 —1:08:08] | 0.53+ 1.16 (HD) | 0.2 (HD)
Insertion 160 -175 17.43 +2.74 DD; 7.6 DD; 12.0
#4 (sat) |[1:08:28 —1:08:47] | 1.35+ 0.99 (HD) | 0.6 (HD'

SF6 (ppm-m)

Drect
e Heterodyne

0;
102
103

0
1.05
1.06

Time (hhmim)

0
1.08

1.00

HD/DD DIAL Comparison Test

020529_000001 (HD Not Tx-Normalized, 4KS BB)

c
2
o
L
@
©
S

1S
=

Heterodyne

oMo R pearEEn

it Bl

.y

?h ence: Measured CL | Measured | Expected
[Time (hhimmss)] (ppmrm) Do (ps) | Dp (ps)
Reference = 0.26 + 0.98 (DD) - -
[1:00:13 - 1‘00‘32] 0.01+ 0.55(HD)
Insertion 40 -55 7.95+ 1.24(DD) | 3.5(DD) 30
#1 |[1:00:52 ~1:01:11] | 2.28+ 0.70(HD) | 1.0(HD)
Insertion 70 -85 15.46 +147 (OD) | 6.8 (DD) 60
#2  |[1:01:31 -1:01:50] | 2.98+ 0.46 (HD) | 1.3 (HD)
Steady 100 - 115 16.91 +141 (OD) [ 7.4(DD) 60
State  |[1:07:10 ~1:08:29] | 3.62:+ 0.48 (HD) | 1.6 (HD)
Insertion 130 - 145 20.14 +2.53 (DD) | 8.8 (DD) 20
#3 (sat) |[1:07:49 —1:08:08] | 3.98+ 0.26 (HD) | 1.7 (HD)
Insertion 160 —175 17.43 +2.74 DD; .6 (DD, 12.0
#4 (‘sat) |[1:08:28 ~1:08:47] | 4.14% 0.28 :8(HD

SF6 (ppm-m)

+ Direct
—e— Heterodyne

8 3 8 8 5 8 3
Time (himm)




HD/DD DIAL Comparison Test
020513_000003 (4KS BB)

c
il
o
2
13}
o
S
L
£

Heterodyne

oo R EeTEn

Insertion
#2

70 -85 11,
[1:01:31 -1:01:50] | 2.37+

04 +131 (DDg
0.91 (HD;

Sequences Measured CL Measured | Expected
[Time (hh:mm:ss)] (ppm-m) Dp (ps) | Dp (ps)
Reference 10 -25 0.17 + 0.97 (DD) - -
[1:00:13 —1:00:32] | 0.11 % 1.62 (HD)
Insertion 40 -55 5.39+ 0.80(DD) | 2.4 (DD) 30
[1:00:52 —1:01:11] | 2.10+ 1.01 (HD) | 0.9 (HD)
4.5}DD; 60
1.0(HD,

020513_000003_CLOS.

SF6 (ppm-m)

+ Direct
—— Heterodyne

Time (hh:mm)

HD/DD DIAL Comparison Test
020513 000001 (4KS BB)

c
2
o
L
@
©
S
1S
=

Heterodyne

ot Bl

Sequences Measured CL | Measured | Expected
[Time (hh:mm:ss)] |~ (ppm-m) D (ps) | Dp (ps)
Reference 1025 029+ 1.12 (DD) = =
[1:00:13 ~1:00:32] | -0.02+ 1.85(HD)
Insertion 0-5 9.63 1.72(DD) | 42(DD) | 30
#1 |[2:00:52 ~1:01:11] | 556+ 1.92(HD) | 2.4 (HD)
Insertion 70 -85 311500 [ 500} [ 60
#2  [[2:01:31 —1:01:50] | 8.07 + 1.0 (HD) | 35 (HD
020513_000001_CLOS
= .
+ Diex
o b o ieerssine
V‘*\;’J\r
J
st
g A
g wof - I\L /)‘ J
2 \ 1: '\
K | X \A TN
Y o s A J -
Y
AT 40 9,7,
*
sk d

Time (himm)




Appendix C. MATLAB Programs

Appendix C Contents

Section C1 - DATREDUC.m - Direct Detection Data Reduction
Section C2 - DATREDUC_HD_X3.m - Heterodyne Detection Data Reduction
Section C3 - HDPulseSim.m - Heterodyne Pulse Simulation (Optical Field Based)



Cl. DATREDUC.m - Direct Detection Data Reduction




2/26/04 Z:3€ PH  C:\FO5.Datahnal Vil is\FOSE rogsiReduct ion' DATREDUC ..M

2 ot

2

fprintf
fprint#
fprinte
fprintf
Eprinte
fprintd
dataiwvolt = inputbl’

if {ldataZvole=="H"| | {dataZvol t==
data=data.* (1/4096] -0.100
alaell {idatalva]is=s'L"} | {dataivs]ltm= 1))

data=daza,.* [Z/4096) -1.900

elself {(datalvait== I {dataZvelt=="R"')}
data=data
elself {({datavolt="'E"}||dataZvolt=="k'}}

data=data
elseif {(datazwolt==s"*
datas=data

I {dataZvolt=="'0L')})

a=nd
——4<&  Average pul for each iaser wavelength >sz-—-—
aygodats = rero={Nsanples, Hlin=s=| E
far’ I tHllnes 1
for m=1:Hseg 3
n= (m-1] *Hlines+l i
avgdaza i, ll=avgdata(:, Li+datai: nmi H
=nd i
avgdata|:,l}=avgdatad:,1] /Hseq i
and s
Flot owverlayed pulsas

Hrows = 4 i
HErowa= Hrows 2
Hooles = fiw((Hline=s-1)/Nrows)+1 H
Meools = Hools ]
if [Rlinss==1) s
HIzTows=Z 1
Nfcols=2 H
=nd i
if (Hoolat) :
Hfcols=2 H
end 1
Cigure " Boaktion®, (10,40, 300 Hfcols, 225 HErowa] ) ]

HlinesCh = ¥lines
far Leh=1:HlinesCh

87




2/26/04 Z:3€ PH C:i\ROS\Datahnalysis\FROSFrogs\Reduction' DATREDUC.A
ER A Lo R R R e S

Chbine [Lch)=1ch
and

L [HLInes>Z0)
clear I
whiledl)

displ' S
digp|! *®«* Chasga Lln
diap|'! ret

isp|* )
Lin=l=agqe=zmros (1, 349)
Linelsage=Linelsaga-1
LineIrdex( = renlLinelndex, 1001

for l=l:Hlines
LineUsage {LineIndex0 |1, 1) | =0

LineCholoe
pauss

Hlinaalh = O
for l=l:Rline=
ifi{Linelsage |LineTrdexnd (L, 1)} ==1)
HlinssCh = Hlinesch + 1
Chiine [Hlin==sCh)=1
et

e

Fidlinesih==0)
di=py "’ b
disp{' *** Ho lines

dimp{® #es ret b " wami o

dispi " Lp |
PRUEE
elamif (HilinpesCh>20)
dizpi{ " "]
disp{*' *** Haximum of Z0 lin
disp{' *** <E@i> TO CONCinwa
dizpi" L
pauss
alaa
break

amam

Ky -




2/26/04 Z:3€ FH L':"\.R':\S‘-.I:la.t-:lhnal:::l.s".ROEEroga'-.'.‘h:du:I::l.-:hn".DA'J'BED".,’C.n 4 of 8

it (batchiig==1} ]
Eor leh=1:Rlinesch H
Tigure{'Position’ , |30+40% {Loh-1] , 300-40% (1ch-1% 300, 400] ) P
and H
end i
aigraf= i
if (batchflg==0} §
TllaPloz ]
end H
auETdisplly = "K' ¥ Supface
dispd®  fa i
surfquary=inpat| 'Surface plot Y/ LPRE LY !
if [{eucEquecy=="¥') | [murfguaer " 2
SURFDIZE B i
whileql) B
fprinef(® i
fpeinci( 1 bt} :
fpraintf (es/BH) n' ) ]
fpeinti( [e1" i
guary=ingat| ' 1h: *yvm') :
LE{iqaarp=="2"]) | (quezy=='a"')} :
SORFDISF_B H
elseif { (query=="F"} | (guar; 'B"11 i
PrinE %
elaeif { (query== "BH"} | {quecy=="bw']) H
PEARC 1
elpmif§ igqueny=="C"} | lguecy=="c"]1 7
Prink -dpsc -F 3 i
mlas H
break i
and 1
=nd i
and i
if (batchflg=={} ¥
1f [suEfdispily ¥ I
delete{Hlines+l1} i
and I
and i
SigRefiCusry A
far Loh=1:HlinesCh 1
Eigues (Lehy %
PlotSighes i
and |
Gusry =
while|sigrefm=*y']) % Plat losp




2/26/04 Z:3€ FH E:%RDE\Dntahnal:::s\EDEEroiaxaedu:t:on\nﬁ?EED?t.n

if |[batchflg==0]

TilsPlot

wnd

Quecy

end

if (batchflg==0}

Eor

Lehi=] tRlineslh

delete{lchl

=nd

and

cloar

if [babchilg==0}

Eigurm | 'Fo=it

and

Ht_=l
Ht_=2

Wt_rl
Wt_r3

if WE_

= t_#lldelt
= t_52/fdelt

= t_rlfdelt
= t_r2/delt

51 <= 0

Wz_gl=1

and

if fe

a2 > Waanples

Ht_s2 = Hsanples

and

if Hr_rl <= 10

I'l:_;- 1=1
end
1f Ht_c2 > Hsanples

Mt _x2 = Hsamples
and
b{r._s. = N'.'._a."' N:_s 141
Nt r = Ht_r2-Ht_rl+i
Usig rarod (Haeg, M1iman)
Uref zeros (H=eg, Hlines)
Vrel zeros (Hseq, Hlinesp

saroa (Maeg, Hlinea)

ion® , [10,40,567, 4405])

5 of 8




2/26/04 Z:3€ PH  C:\FO5.Datahnal Vil is\FOSE rogsiReduct ion' DATREDUC ..M

fprintf| i |
for L=l:Hlines

fprintf{' FReduglpy laser 1irc 1 of W |Stap

Eor m=1:Hmeg
n={m-1] *Hlipes+1
meandat=saun{data (NC_pl:HC_EZ,n) ) HL_ &
Uvar=0.1
for 1=Ht_rl:Ht_x2
emfdm, 1l =Ucef Im, 1p+dataii, n) *delk

& ot

2

sl Mlanas)

i

Uvar=Uvar+{data|l,n}-neandat) * (data (i, n) -meandat}*delt i

Ul
Vref im, L =0ref in, 1) / [Ht_r*delt)
Vems |m, 1) =sqre (Ovary (Ht_z*dalt))

=nd

far

fprintf{' FReducing laser line %d of td (Step
Eor m=liHseqg

= (m-11 *Mlimea+l

[vpkim, 1} ,pkindex]=max (data (Hz_sl:Wt_=2,n1)

Vpk n, 1)=Vpiim, 1] =Veat (n, 1}

Epkin, l)y=t=ample (pkindex)

tpkin, l)y=tsample |[pkindex+dt_s1-1}

for i=Ht sl:NL_al

Usigim; 1) =1sigim, 1h+dataii, n)*delt
ard

for L=1:Hlinas
Eprintfl' Fed
for m=l:Hseq
n= (m=1) *Mlineat]
Uim, L1=Usigim, 1} - {Kt_s*delt)*Vref In, 1)
aft

line &d of &d |Ste=p

fprintfr'n"}

Uawg=gum [0) /Haag
Usderr=std {0

i€ (harchl Lg=—{}
First = 1
Whilladll
tf {firmuoe=i)
plot {Hm,0%109]
LNl inma==]]

Wt

s laMlamesy
i

i
il.Mlines)

91




2/26/04 Z:3€ FH l::"\.R‘:‘G\.I:la.t-:AnaJ.::15'\&05!:95:\8=du:t10n".m’rBED"J‘C.n T of 8

ticle [ITREype, " File = ',Cile,’ Avgrage = " oEstrilavg*l0®g9f, ...
L mY.e] frishey = ' pimdetr | 100 UedevS Uavgh P (RiT])

ela= i
titla [[TREypa, " File = ' £ilal} :

end F

¥label{ "Fulse Humber®) i

Ylabal ("0 in¥.ald'] i

averanls ;o ammeavily 7 oameeav (2} 5 oymoeav (3 5 ymxeav il i

LEUTREYRpR== TR} i
axisf[=nn xmx min (0, ymnl ymx] | 1

end H
first = 0 H
end H
replot=input{ 'Raescala plot (¥/P/[H]]: ' ,"s") 1
Efl{rmplote="p!) | [replotes"G" )| o
priot i
mloeif{(coplotm="BN" || {roplot=="w']) i
print i
@laaifl { (Faplatss 2} | {raplopssal)) H
print -dpsc -Foolor H
elaglf [ (replet-="1" & {reploc-="¥"]] ]
break :
else i
xuimsinput { "Entar nad ¥ min: ') ]
xmax=input{ 'Enter new X max: '] H
ymin=input "Enter ned ¥ mim: '] ]
ymax=input{ 'Enter new ¥ max: ') 3
axisi[xkmin xmax ymin ymaxjl i
ard '
and H
and ]
Hiji %, tmt) i

or- V.afdli; ') :

= ',nuaetc (Dawg/Aw] .

r{l00*Dsdev/Davgl, " [%]"1) 1

) break: end ]

¥ max: ') Fl

WmaX] |
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ion DATEEDUC .1
===

1€ (batchfige=={}
daleta (1)

and




C2. DATREDUC_HD_X3..m - Heterodyne Detection Data Reduction

2r26/04 3:17 PH C:\ROSWDatahnalysis\ROSFrogs\HO-OD DCYDATRECUC HO X3 vEep.m 1 pf 13
St e == SE=

I MF Trar ’
F X G w i
Ll ] ] ] ]
Tstart = oputime H
di=pd’ 'y F
5a = Linput | Nt pling frequen |Hz) [LeD Yy
cdaly = L/aa ¥
FRF = fnput | FREF (Hz 1 L I
Haag = Llnput|"’ Enter Mae 1 £
Hlines = Lingut| Enter Hlines i
dispi’ h I
Sighefgueryl : 1,1

Ht_=sl = round(t_sl/delt)+1 7
Nt _s2 = round(t_s2/delt)
Ht_rl = round(t_rl/delid+l H
Wt_r2 = round(t_r2/delt) ]

TestFlg = G i Hoom I test read
if (TeatFlg==(0} H

digp(’ k ;|

diepi' Brga ng in = WO Eat i ;

dispi’ ) ]

load TestHDDD. bt H

FotalPainta=length | PestHDDB) &
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PolntsPershot=TotalPoints/NseqsHlines ]

Pointapershot=20004

EayDoard
m data array! dataip 3}
data=zeres (PolnbaPerihat, Hasg, HLines) :
for mm = LiNseq H
for 11 = 1!Nlinaa ]
Mptl=cound{finp-1) *Alines+l]l-1} *FointsPecShot+l) 7
HptZ=round{ ( (mA-1}) *Hlin=s+L1) *FolntsFer&haot] i
while {l 5 hemARAAAAARAAS AR ARAARASRA R ARARA AR AR AR
Hseg=Hseq-1 ]
data=zeron (PointaPerfhat, Haag, Mlines=) & 106828 _T2A manual correction
for mm = 1lrHseq H
For 11 = 1:M]1Lras f)
no={mm-1] *Kline=+11 H
10561 ;5 no=nn+lj end I bad puls (#1DAE
und{ Eno-1) *PointaPecshetel) :
HptZ=round {nn*FointsPershot) H
datad: mA, 11} =TastHDDD{NptL tlt2, 15 [l
ood H
end i
and i A
clear T i
pack :
alse I Tast raad-in
load TestHHOOT '
data = xdata i
clear wdata ]
Hawg = L0 :
end i
time=l/sarl/sa:PointsPerdhot/sa i
cdispd’ o | c
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dispy’ on loop® | I
dizmpd’ o
Hpts = max {HC_sI-NL_sl+l Ht_r2-Ht_gl+l] ]
MWEFThass = cmildllogl IHpEs=)| -
NTFT = Z"HFFThase a
for mm = 1:lilseqg i
for 11 = 1:l:Milnas [}
neise=data [NE_cl:Rt_rZ,mm, 111 :
T n]=pee Imoiae, (1.1 Ty 3a) i

[Pnf, [n ) =per iedagram (halas KFFT, aal f] (I i TEIER A it BE [
HolsePED(: jxmm, 11] =Fnm B
and I
and H
dimp{® Done Hoise B5D calculation loop® ) =
dispq* | i

Featrrangs data

dispi’ rting spur frequency loop' ) H
diapd’ ) :

del fn = EniZ}
H_fol = rownd (175, deé-En(1]) /del_In)
H_EnZ = round(|Bl.deé-fn(l)) fdel fn)

frequw

for mm = 1:;Heaq &
for 11 = LiMlines 1
[T, Hincdax trem, 111] = max (NaizaPSDIN_fal:-N_In2,mm.111] #
EpurFreqinm, 11} = f£n(Hinde=x (mm, 11} +0_fni+l) i
SF_Indeximm, 11} = mm + {11-1]/Klines ]

=nd :
and i

qgspur = median|SpurEred) i

figure('Fosition®, [ 50 400 400 300]) 5
plot{8F Indax,SpucFreqgflad, '.-") i
Eitlef! Fraquenpsie= (MHE]" ) &

av=awis ; xmn=avi{l} ; wmx=avi2} ;7 ymo=av(3dp ; ymx=avid} H]
axis{[0 Hsag+] yom ymax]) ]

figure (' Fo ', [500 4040 400 3007) i
Plat dggapurd led) H
hold on H
plot fagupur/la6, "Bty i
title('Median 5 | H
cdispd’ Reranging dats Lnts coppect wavelength ordar® ) s
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dispi® ") I

CAQTETaAns: AsSsune=s fi

of maximum spur frequency, will cause ioes

i
fnd= [Fml=11 *Hlifnearwd] tnas] fdaek-1 i
ami=flecr [ Innd-0.5) /Hlines}+1 :
wwl=nnl- (AE0-1) “Hlines ]
data|:,mmlwwlh=data (;,mmi, wwi) H

=nd H
and :
datad! Masg, 1} = 10 ] laat f 3 laat 1
Hseg = Hseg-1 ]
query=input(* Enter <r=t> to contimue Y tatyy
dalate (1:22) :
clear HoiseF d
prack

Calculnte PSOn
dispd’ &
dimpi* reing PED caloulation loops® ) i
dispy’ "y ;

Ht_s = Hi_s2-Hit s1+1 H
WL r = HT_x2-HT_rl+l .
if[MT s<Ht r) /

digp(' ** Mt _= Nt.r *% L) F]

keybcard 1
and H
Hpts = Wt_x H
MNFFThass = cmililog? IHpEsh+l) =
HETFT = Z"HFFThase )

H HEFT i% fac
Hlap = HFFT/4 ] For ams
MoiseFSr = zeros(blen/Z+1,Hseq,Hlines) H
Signal PE0 = Faros (NLenf2+], Rasg, Hlines) H
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HormFSD = zeros(Wlen/Z+1,Hseq,Hlines) H
for mm = 1rHa=q i

tprintfd' Seguance B SERYCLES Y] ]

for 11 = L;Nlines :

nolse=data [Ht_cl:Wc_r2,mm.11) P

[Enn, [n]=puweleh (noias, [], [],Hien, @8] H X3

|Enn, fo]=pericdogram inoise, || ,Hleo, =a) bR B

HoisePaDi(: mm, 11] =Pnn ]

S {WodisePSDil, mm, 10 ) =={} ¢ mliminate by zeco=
HolisePID [1l,mm, Ll)=HolseFa0{Z,mm;1l1l) i

Lt :

Lf {Hol=ePED (HLen/ 241, mm, 11)==0) + % eliminate d
MotsePSD [HLen/Z+1,me, L1)=HolsePa0 {WLan/ 2, me, 113

= H

Hpdgne=cail {HL =/ HE_C} i

EigPaD=zeros (HLan/2+1, Hpdgms) 7

For Hpd = 1:Hpdgma ;
sxtra=cound | (Hpdgms *Hpta-Rt_a) / IRpdgms-1)h i
H1=Ht_sl={Hpd-1]* (Hpis-extra) P
MI=H]+Mpta-1 i
signal=data (H1:K2,mm, 11} i
[Prn, In]=pwalehdalgeal, [1, 0], H1an, aak N X3
[Pon; fn]=peciodogran |eignal; [], Nlen, =&l B
BigRED(:,Hpd}=Frn )

e :

SlgnalESD(z,;mm,; 11] "m=an{SigFsD'} ]

WeomPE0 (i ymn, L1 =SignalPsoi: ,,om, 111 . /HoieePSD :,mm, L1)

[or qo= #n N2 3 pothing {&F BoEm
nz 3w gi=ePED (qg+l,mm, 11§ F3 i
Mormk 1

end :

ned=[Holse! T T | +BoiseFED (3, mm, 11) ) /3

={HolseFS00(H
HermPSD (NFET/2+1,0mn, 11 | =81gnall

D [HMFFT/2+1,mm,11

and i
and H
diapd’ o] :
dizp{* Done FSD calculation loops® | H
dispd* "y i
Plat time sariss, slgnal amd poles spectra, and normallzed signal Speactrum
T = 400 i
pzl = ] H

2 yim 11| #HoisePED (REFTS 241, mm, L1

1143 H
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52 = 1

PEINLinas==30)
X0 = FOD
Eol=17Z
acd=2 3

and

ton = time{l} H
tnx = sall{tina] B

for mn=l:Hseq I
fprintli{' Segusnce §: vl WR' A |
for ll=1:Hlines i

Eigurs|'

Elgure |"E

=20 (11-1)*=cl, B00% a2, TOO* 8] ) =
" 21

+ YO 111-17] %scl BO0*=5aX, I00%=sCc2]

p [25425% |L1-1b"mcl, ¥0

sSubplot{d,1,1] i Time sacies
plot (Lime® ek, date |, mm, 111} :

setigca, ' Fon zet, 912 H

#ak (goa, 'YTE al', [1}

title('Tine Eercie='}) B

av=axis § xnn=av(l] ;o oxmx=awil] Joymn=avi3) g oymx=avid) P

axia ([0 20 -1.0 1.0]) :
hold on i
PlocSighafl !

4

subplot{d,;1,;2) 7 % 2ignal {Rx) apd noise F30a
plac(fpflef HolaaPSDd: mA, 110, *£-") &
bold on i
plot (£n/1la6, SLqnalREni:, "g-'] :

plot (En, BocnPaD d
sek{goa, ' i
ast (gea, "YTis 3
ticle['Ax and ]
av=awis ) wan=av(l] b oxEx=av(2] J yEn=avi3] | ymx=av 4] ]
mxini |0 200 minid,ymn) ymx]) :
hold on T
subplot{d,1,3) i
plet (En/1a6, SLanalPsbi: mm, 11} =HolsePshi: mm, 111] :

iemme 110, =" :
sek{goa, ' 1813 1
sek (goe, ' L' [} :
ticle=['Sigmal F30D') :
av=amia } RER=av(l] p oRx=av(Z] ) yEn=aviI)] o yEx=avidl ¥
axia ([0 200 mindd,ymn) ymx]d :
hold on I
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subplot{d,1,4] i Hormallzed FE0
plot (Ensflef, HormEsSOd: mp, L1} H
setigca, ' FontEize’, [9]) L

aet (goa, al', [1} 1
title( 'Normalized FSD°) H
av=axis 1 xnn=avil] ;o xmx=awil] § oymn=avi3)  oynx=avid] P
axia ([0 200 mlndd,ymn) ymx]d H
hold on
and H
fprintl [ Enter <ret> o csntimss YA* ) i
query=input | * Enter <s> to stop displays HER L I
delete [L:Hlines) i
ifliguary=="3"] | (query=="g'ih; break; and H
and H
dispy" I I
dimpd' sStarting CER calcilati sepat ) :
dispy’ 3 H

bad OHRE] Ses
RA = zeros [Hseq,Hlines)
HH = zeres (Maeg, MILlnas)

GCHEtl = zercs (Heeq.HLlines)|

for mm=1l:Hseg 1
for ll=l:Hlines :
Dlsigimm, 11| = neanidata(Ht_s1:Nt =2,mm,11)} P
DEng mm, 111 = mean(data (Wt _rl:¥t rd mme, 111 F
e=nd
and ]
Compute feturn power, nolse power, |(signal
for mm=l:Hseq i
for ll=l:Hlinas 7

BRtl lmm, 1ll= ...

sum | {data [Ht_s1:Hi_ s2,mm, 11) -Dlsiogdmm, E1) ) . # [data (Ht_s1:Ht_s2,wm, 11)-Dosig{mm,1L) 10y
HRGL (mm, 110= ..

sum | {data|HE_rl:RE_rZ,mm,1ll] - DCnzdmme211] ). * idata (Ht_rl:Re_cZ,mm, 11)- DCnz{mm,1L]])+

CHRED i, 101 = [RREL (mm, 110444 (NE_&2-Ht &1+1}F{REC_p2-Ht_Pl+l)} *HHEL (m6, 11410 ~1 L]
=nd é
and i
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vee CEpE] e
for mn=liHsey i
for ll=1:Hlines :
RERIl [mm,11] = sun{8igrnalPFa0{:,mm,L1)} 7
HHE] [(mm, 11} = #@igng BMolsaPSO0:,mm 110} H
CHWAL1{mm, 11] = BRflimm,Ll1) /ARLl(mm,11)-1 i
and i
end B
v&¢ CHEx] - Poi bir-point freguency nocnalization *=*
ExcesstzFactor = 0.1785 B
ExoessHzFact 1 1] i
FxceasMpFactar = 0,150 :
SHR = sun{RocnPS0-1-ExcessHzFactor) H
for mm = l:Hseq i
For 11 = Ll:¥lines i
CHRAx3 {mm, 18] = {1/ (HEFT/2+1) } *EMR ({1, mm, 11| i scale factor is only approximste
and H
end B

smooth CNAm to reducs s=ffect o mscale Emctors
Tamasch = 10 H et amaathing sxbant {aas)
for mm=1l:Hseg 1 cr@ata puls W fol
for ll=l:Hlines :
nn=[mn-1) *Hlines+11 i
ey lae dmm, 1) = (nn/ BRF) S2E00 #\ approxinate pulss time (bl
e=nd i
and ]
Hdata = CHREl H
Hanning_TSmsath H
qq_t1 = Hdata i
Hdata = CHRfl H
Hanning Temooth i
g fl = Hdaba 2
Hdata = CHREx3 ]
Hanning_TSmooth E
gq_° = Hdakta i
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8ol f1tl = meanigy EL./qg tl) ]
S2l DE1l = mean i 0. gt H
for Ll=1:Hlinas i
Figure|'Fosition®, [25+23* [L1-1p*scl,Y0-20* (11-1)*scl, BO0* s, TOOscZ]) B
=mubplatid, 1,11 H Scaled CHRs ovec

plot (CHRT1 (2, L1l), "k-"}

hald on

plot (cHRf1(:,11)./5c)_£1t1{1,41), “g-')
plot (CHBxd (2,11} ./8cl Ot2{l,;11], "r-")
=k (goa, ' Fon ==t (8]
set {goa, "YT L* 1
tiela('Cverla

av=axis ; xnn=avi(l] j xnx=aw (2] j ymn=avi(3] ; ymc=av(4) H

adla[=nn ¥mx min (0, v} wme] |

bold or

=igbplatid, 1, 2]

plot (CHREL (1,11}

zek (goa,
title [ "CH

avmania ; sEpo=ayil] o HeE=av (2] ¢ YEceav i3] ¢ ymEeav (4]

axis(|xmn xmx min (0, ymn} ymx )

subplot{d:1,3]

plac (CHRI1C:, L1 )
=et {goa, ' Fon
(goa, 'Y
tikle[ 'CHE

av=axis | xnn=av(l] ;o xax=awil] J yao=avi3] ;7 ynx=avid]

axla ([=nn xpx min (0, vl ymxli

subplot{d,1,4]

plot (CHRXA(:; L1}
=k (g, ' Font
set (g ey
tibla [ ' oHRE:

av=axiE ; xpo=avil] ; xpx=avi2] o ymo=avidl ; ymxeavid]

axls ([xmn xnx min (0, pmn)  pmx] |

ard

] CHEL]

CTHRx3

e
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dispy” Done CHA calculation loop® |
dizmpd’ N5

aave HOOD CHRET

dimpd’
dimpd*®

Tafd = gpuCime-TaCar? i

fprintf L e Enter sag 4 to display n® ) :
query=input (" Enter 0> to stop 1%k 7

delete (1:Hlinex) H
delets L)

1 o P ted
while [quecy==0}) i
WA = gquery H
0 o= 400 :
sol = 1 i
e = 1 ]
1f [Hline=>=30| H

¥0 = T00 i
arl=1,2

Fod=Zs iV
and ]
tmn = time(1] P
thx = call (Chme) H

Lpris

Ear

Elgupa |’

iLgure [ *F

0, [25F25* (Bl=1)*scl, Y0204 (A1=1)*sel, BOO% 502, TOOD*8az])

bl } 1] *acl; I "(ll-1]"*ecl, I acd, Md*=c

mubplotid,1,1] i Tine be
plot (time*led, dataf:,mm;11)} i
#ab (gea, 'Fanrsizet, [9]) ¢
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sekt (goa, '¥YTickLabel®, [1} I
tiels( ne Saries') H
av=axis ; xnomawil] § xmx=avi(Z] § ymomavi3] ;o ymxewav (4] i
axla ([0 20 =1.0 1,011 f
mxin ([0 100 -1.0 1.0]) ;
hold i
Plotiighel] 3 display alg and ref windous
sSubplat{d, 1,2] ] glg [(rov) and naise PED
plot (Endled, Signal?fsDd: ymm, 11}, "g-'1 ]
bold on I
plot (R lab HoisaPsDd: mm, 110, 'E=") *
plot (fn, Ko 0§ mm, + Ph=t i
setigoa, 'For ]
=ok (goa, 'YTic ] o
title['Ax and Az ] H
av=axi=: o mpo=avil] o Emx=av (2] 0 ymoeav i3]l ¢ ymaeav (4] H
axin (|0 Z0de=E i
aila ([0 500 min il H
hold on H
=igbplat{d, 1,3 : signal PsI
plot(fn/l=6,21gnalFED(: ,mm, 11} -HolsePED(:,mm, 11} ] i

am, 11}, "B="| [

LRy H

plot (En, B
==t (goa, 'Fon
st (g YyT = L1l

Licls | 1 PSD') :
avTaxis ; xmnmavi(l] § mmxeav(Z] & ymnmavi(3d] i ymxav (4] H

axlai[d 200aE s ] | E

mxiai [0 500 mind{d,vmn) wymx]l B
hbold on I
mubplot {4,1,4] P Hormalized FPSO
plot (En/la6, MormiEng s, me, L1) ) ]
=ek(goa, 'Fontiize®, [8])) =
sek {goa, 'Y el [] i

Tlela('Hathal lzed

av=axis ;i Kmn=av(l] & mmx=av(Z] & ymomavi(3i] ; ymx=av (4] i
axls ([0 200&6 min (0, ymn} wme]| !
mxis ([0 500 mind{d,ymn) wymx]) i
hold on T
end i
dimpi(’ L} :
fprintf [ V4 t 4 F]
guery=irput | * I ) ]
delete (Ll iNlines) i
end H
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C3. HDPulseSim..m - Heterodyne Pulse Simulation (Optical Field Based)

/2604 3:30 PM  C:\LRCS\Models'\Heterodvne Pulse EimolationHD, ..%EDFoleeSim.m of 10
=R el S =

cleay

pack

Warning P L

z ’
OseriD = ‘Senft LT °* H
KEXE = coppubter H

placform = xxx|(l:4})
Glear iR

rand{ " state’ , sim(100%clack] ) ar
randn{ ' etate’  mum(100*clock] ) i nitialize ursd random d

ge_det = 0,67 2
qq = 1.6e-13 i
ik = §,E206e=34 I anck" fAaLant

capead = 2, G00=E 3 pamd of

wwl -

;
Tszm = ¥ BE wp L 16 lnterval
BM_OAC = 1/ {2*Team) % dal stlon bandw

LL = avity 1
dalf_IF = 13.7a6 §% fraq off8at batwsen hx

T = Da=& | t Wi -
dt - Etim-b P PO, G
Ht = TT/dt

s = la-0 s i
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2/26/04 3:30 PH C:h\LRCSWModels'\Hetercdyne Pulse EimalationtHD. .

H_Dt = TT/Tt 7 actual mumbar of sample polnts
tt = pera={l,Ht| H
ttl = paEos{l,HL] E
tt Dk = zeros{l,H_Dt) 5
g9 = zaras{l,Ht] f)
aa = gmrosil, Nt H
fri s} = rercosq{l,Ht) i
3] =1 4
aigl -, e i
=4 = B.13 [
aigl = 2. 0a=§ ] [ msca Aieian
sigs = 1, 30=-9 i sus=zian temporal modes £=3 na
dt a = I*LLfcspacd 1 batwesn Gausslan temporal modes
Ht_m = dt_afde+] 5 alt of poiptes ino mingle erial
for fi=l:n_Dr 5 ackual timm mamples

tt Dt (ii)=rifi-1)*Dt i
and i
for ii=l:Mt I

rediip=qii-11 e :

tilfid) =kt (id) -Ta-& i shift to start at T us to match real dats

it (cbiii] c=Ta=6) :

g liil=0,0 =
else T
g (LE1 =17 (fEl (L) /M le—6) "eRpi{-tol{ii)=eel (il)) /2 =igql aigl)y » e
G2F el [(£1) /M le-8) *exp { (-ttL{iip=tel (18] )/ (29sig2*sig2) ) i

and :

e=nd H

far Li=l:Mt 1 raate
tta=mod{tt (i) ,dt_a]-dt_as2 H
aaflip=expl[-tra*tta) / (Z*siga*sigal)

and H

P = gg-~aa ¢
figure('Fosicion® ; [50 &00 3350 9400f) i
plotdetSle-E, gg)l H

hald on H
plotitt/le-6 aa, 'z-") ¥
plotittfie-b,pp; "g-") i

ylabel | il K ents [Hodelocked) [Wi' ) f)
ylabel (' Ti -

¥label { 'Cpt Fower [H1'] i

av=apis § wmneaw{ly § oammsawi2d Foymn=avidp poymEs=avid)
axiz=d [0 TT/la-6 ymm ymx]d 5
haid off i
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WFFThasa = call{legz (HE)d
WFFT = Z*HFFTbame

Fp = zaras{l,HFET)
Fpf = gmpos|l, HFFT)
freq = raros|{l,HFET)
[ = zaras|l,HFFT)
EET = zerom|l,NFET)
Fpr = [fc[pp*dl, HFFT)
Fpp = fitshlit (Fp)
dr = 1/ (HEET*dt]

BH = 1402dEd

far j3=1:HFFT
freqiiil=(}1-HEFTS2-1) *df
and

figure('PFosiclon®; [700 500 330 600])
subplat (3,1, 1)
plot{freg/l=6,abs (Fppl}

title( 'Optica s FEg
wlabel !

ylabel (' Feeql i |

aubplat (3,1, 2}

plotifregsdled, real (Fppl )

titlad "oy ! FE&LU | Raal

xlabel('
ylabel (" Freg

aubplat (3,1, 3)
plot{fregs/led, inag (Fpp) §
title "o Freguar
slabel ('F
ylabel ('F

PPl = iEfc{Fp*HEFT*df]
far Li=1:HFFT
tTI{ii)={ii-1]/ (NFFT*dE|

and

flgure('Fosition®, [0 30330 400]|
PFloT{EET/ La=6, ppl)

hald on

plot{tt/le-E,.pp, "gi 'y

title{'optical Power [IFFT) (W) '}

Xlabel ('Time {us}®)

ylabal ('eptical Powas (W'

av=axis ; amn=avi{l) ; xmx=aw(2) ;7 ymo=av(d

axis{[0 TT/le-6 ymm ymx]}p

e Pulse Eimalation“HD...\EDFulseSim.m

4
!

;oymx=avw i}

3 .pf 10

107




2/26/04 3:30 FH G:'\L‘F.G'El'mn-d.cls".ﬂcr.ern-d.'ﬂe Fulse Eimalation“HD...%EDFulseSin.m 4 pf 10

ige to received spergy (Integrated [hetapnbansaois g 1]

pp_LO = zeras (alza(ppl) H
PP_Loac = zercs |zize (ppl) H
Fp_LO = zeros [slze (Fp)) ?
Fpp_LO = gereslaize (Fpplbd ¢
PRI_LD = zeros [size (ppLi) H
Fp LOac = zeros [(slize (Fpl) [}
Fpp_Loac = rerce [size (Fppll &
ppl_Loac = zeros [size{ppIl)) i
dispi* ') i
77 = input]’ apur asale facter [0.8e=3]: '] ¢
5154 = inpuat|"* apur =cale factor [1.Z2e-3]z *3) ;
phiT? = 2pi®rand +'% arbltrarily chosen phass
phii3d = 2*pi*rand # % arbitraril en phase

@ ny = 1,0&=13 1 polas leval for 1 P
delf [0 = 77=b 5 =pacing batween LO m = and spurs (Hz)
L =igld = 3 itV spectral width of LD freguency modes (Hz)
for fi=lint i

pp_LO[il) = 1 + a7T*com [Z*pi*delf LO*CE(iL]+pRiTT) + ...
sl54*con (2¥pi® (2¥delE_LO) *ttilii)+phil54) g

pp_Lowc{il) = aT7T*cos (E*pi*delf LOYEC(141+pniTT) + ...
alid oo (Zvpi* (2vdelf_LO)*otii)+phil54) H
=nd i
Fp_10 = FFE(pp_Lo*dt, REFT) i
Fpp L& = Eftshifc{Fp_ L) i
Bl ko = LIfC(Fp_LO*HEFT*dC) H
Fp_LOas = fftipp_Loas*dc, NFFT) |
Fpp Lioac = fftahife {Fp_LDach B
ppl_Loas = LIft(Fp LOGc*REFT*dr) 7
flgure('Fasition®, [700 304 350 EO0] ) i
subplet (3,1,1) :
ploti{fregfietd, abe (Fpp_LOY o
hold on ]
plotifregslet, abe (Fpp_Loacl, 't-"} H
titlef'LO Freguency Spectrum |Fpp LO|' ) H

¥labal (' Praquansy |MHz}" |
ylabel{'Frequency Spectrum']
saubplot (3,1, 2}

plati{feagsflaf, raal (Fpp Lo} ]
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hald oo I
ploti{fregf/lati, real (Fpp_LOac), 'c-"}

title{ 'L Frequency Speckrum {Real (Fppit® § ]
¥labal (' Fragua LN | ¥
ylabel | ' Frequency Spectrum' ] H
subplot (3,1, 3) i
plotifceqslet, inag LFpp_Lot ) 2
hold on H

aanllogy (Fragflas, inag (Fpp Loas), "r-'] I
title{'LO Freq ure (Imag IEpEh b " ) B
xlabel (' Freque T
ylabal (' Fregoaen

figure('Positlon®, [700 50 550 400F) i
plotittIfle-G, ppI_10| &
hold or H
plotittSle-Gpp Loy 'y} 5
ploti{ttISle-6,ppI_LOac, "r-'] i
platdctila-6, pp_Loas, ‘g’ [
title{'LO Dptical Power {(IFFT] (Wh" ) i
Hlabel ('T fusf”") i
ylabel ('LO Optical Power (Wh') .
aveanis ; amneavily 7 oamxeav (2} 7 oymomaw(db o; oymxmavidl 5
axisd{[0 TT/la=6 yme wme]d f

Create BX 4 ald varfables fr prica ar Lo EmE
uu_¥ = agEt (ppd H
wa_LO = sqgrt lpp_Lo| H
Fa_r = {IC(uy_e*dt, 9FFT) H
Fou_r = fitshift(Fu_z) i
Fa_10 = fft(uu Lo%de, NFFTI H
Fou_ Lo = fftshift (Fo_ Lo} i
Display field / power temparal / spectral values
dispi® ') i
di=pd’ Fi} Prmas retidrp o contipues FEEF ) H
dispd® ') H
EalEe ¢
dizpi* playing field / power temporal / spectral wvalues ' § H
dispd"® '} I
deleee (1:3]
figurei' Tion, [ 50 &00 550 400]) & BF1 di=play
plotitt/le-€,ppl 7
hald ar H
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plotittfle-€,a0 x, '£1"} I

title{'Optical Powez (W1'] :
xlabel (' Time {us}®) i
ylabal ('Cmtical Powarp [H)') H

figure (' Pos
aubplat (2,1, 1
plot{freqdled, abs (Fppl)
hald on

ploti{freg/led, abe(Pau_ch, "ri') N

title( Frequency Spectrum (Fower and Field, |Fpl, |Ful® § i
¥label (' Fregsenay (Mg} ")
ylabel (' Frequency Spsctrum'])
subplet (2,1,2)
plotdfregletd, angle (Fppi b
hald on

plotifreqiflet, angle (Fun cf, *

n",[ 30 50 330 40013

I display (Fpp,Fuau_rl

e m Ry

" ;

title( 'Frequency Spect Fhase (Fower and Field, Fp | i

wlabal (' Fraguansy (MHE}" | H

ylabel (' Frequency Spectrum FPhass' | ¥

figure ('Poaltion®, [700 &00 550 40011 # WF3 pp Lo and wu L0 temporal display
plotitt/le-&,pp_LO} H

nhald op i

ploti{ttSie-f,0u LG, 'Ti®} i
title|'Ld Optical Power and Field [W,sqrt{Wi)" ] 1

#label ('Tim= {us}*®) H

ylabel{'Optical Fower and Field' } i

figure('Fosition’, [700 . 50 530 4001) T VF4 Fp_LO and Fu L spectr disp |Fpg LO; Fua L0)
subplat (2,1, 11 H

plot{freqfiet, abs (Fpp_LOY | i

nold on ]

ploti{fregflet abe (Fau Lob, "r:i') it

title('LS Freguency Spectrum |Power and Field, [Fp LOJ, |Fa_LO| " ]

¥labal (' Frsegl y AMHEL" )
ylabel('Frequency Spectrum'])

subplat (2,1,2) ]
ploti{fregiflet angle (Fpp_LO1) B
hoid on i
plotifregslet, angle (Fus 101, '£:%) a
title( Lo Frequency Spectrun Fhase {Power and Fleld,Fp Lo, Fu La* } H
®labal (' FEagquancy {MHE)" | ¥
ylabel (' Fregquency Spectrum' ] 3

trum of recelved optical power is convolution of Ex opt

icovElg = 0
if(icnvElg==1}
diapi! i Ax en

mxmcute £lag

alutisn chask routins #FF ¥ ) F
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disp(' 4### Fress return to begin #3§° ) I
diap(' ') H
pauss H
digp(' Rx convolution check routlne started® ) [
dimpi(' ') F
laa Hsize] = size([Fuu_r) I
Hiaas = TE000 - aige of comveluticsn
xFu = Fuu_r(1; (Hsize/2-Huse/240) 1 (Hslze/Z+HuaesZ]) 5
=Fp = Fppil, (Hailza/I-Hasa/2+1) & {Halze/2+Husa/2} | !
xFc = conv (KFu, xFa) 3 H
xFo = XFoil,Huse/Z+1Huse+Huse,/2) I
Clguca|'Pasltiaon® , [A00 400 550 40075 ] varlay power afd i APRELEA
plot (ab={xFpl | B
hold on 1
plot (ab={xFcl, "z: ') .
=nd i

PRt al poweE i@
lenwilg = O
ifricavElg==]l) H
disp(’ ### L> convo BEE ") i
digpl'  $I8 Prass petorn :
dimpi(' ') b
pause I
digp(' Lo ¢ aliutian . 1 2
disp(® ') i
laa Msiza] = slza{Fuu LOj H
Hume = T50400 H of convalut
xFu = Fuu LG (1, (Hsize/Z-Nuse/lZ+l): (Hsize/Z+Huse/Z)) I
xFp = Fpp LOL, (Nsize/2-Nusa/Zrl) ¢ (Haize Sviune /2] ) £
xFc = conv(xFu,xFu) *df 5
xXFc = XFci(l Husa/2+]1 Hase+Husa, 2] §
Eigure | 'Fo=ition®, [800 400 S50 £00]) C sverlay power and conv sp=cira
plot (abs {xFpl ) H
hold =n F
plot (ab={xFcl, "z:') ¥
and [
Clear unnssd variables

¢leay aa g9 ppl ppl _LO ppl Lowe Fpp Fpp LO Fpp Loae 9o r wy Lo Fu 3 Fuu r Fu L& Foa kD

caleulate optical power signal <n heterodyne detector
dispy’ leulatian of opelcal power slgnal on hatarodyne decactor BRF " | Fl
di=pd’ ¥ ess return to begin R ) H
dispd® ') i
fralEa £

m
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disp{" Calculation started®) i

delebe(1:4) :
Racalva optleal powar scaling
dispi® ') i
Eppin = LAput(® Enter pecelve optical power on detestar 1 LA e
dispy® ') i
Eppln = Bppin*la-12 ¢ sanvest from pd ta J

EE = FE* [ERpin/ERE) I

le roceived optical power

-—— LG optical power scaling

B LOin = input|" Enter L3 opbtical power on detector inM
dimpd® '} 3
F LOin = P Loin*l=-3 P

P10 = F_LOin‘pp_ L0 i
pp_LDac = P_LOLn*pp LOac I

& and mlt to match DAC BEW

sig_sn. = sqgrt[{2* (hh*cspeedy/wvl] *BW _DAC/qe det)“meanipp LO} | P

FB_=n = sig_sn*randnisizeipp LO1) :

Fp_sn = fit(pp_an*dc, WEFT) !

Epp_sn = fftshift (Fp_sn} 5

N_BHDAC = round| W DACSHE) v

stp_fon = zeros{l,HFFT) ;

stp_Ffen(i,l:H_BHDAZ} = 1 f

atp_fon (1, NFFT-H_BWDAT+1:HFFT) = 1 :

Fp_sn = Fp_an.*atp_fen<sget (BHSBW_DAC) sgale to maintalr e

Fpp_sn = fftshift(Fp_smj
ppI_sn = ifEtIFp so*HFFT*dE,NFFT) 5

[Af% BB] = gizelpp a6 s
pp.sn = ppl_snil,l:EB) H

pp_hd = pp + pp_LOac + Z*cos(Z%pi* (delf IF*Lth}.*sgrtipp.*pp_Lo} + real{pp_snol F

Fp_bd = £ftipp_hdvd:,NFFT) §
Fpp_hd = Iftshift(Fp_hdp 7
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filgure("Faosition®, [100 100 330 aanj )

ploatdtt e E,pp_hd}

titled 'HD Optical Power {Wi*)

xlabel ("Time {us}®)

Ylabel ("o
av=aNis § KnOomav

cal Power 1H1')

axle([=mp ¥nx 0 ymz])

figure (' Fosi
subplat (2.1, 1)
plot{freg/led, abs (Fpp_hd} |

n", [100 100 330 300])

title('Fraquancy Spectruom (HD Optical Power)' |

#label (' Fregquency {MHZ) " |
Ylabel { 'Frequency Eps
aubplat (2,1, 2}
plotifregflet, angle (Fpp_hd) )
titlel ' Fraguensy
#label (' Freguency {MHz) " |

ylabal (' Freguency Spoctrum Phasa' b

ctrum' ]

TPRSLELE Phase

-—— Campute bias current and bias corrent shot

dimpd® '}

I blas = input|{' Enter bias current
dispdt ')

I_bias = I_bias*le-3

sig Ik = sgrct(2*qg®EW_DAC*I_biax)
i_bias = aig_Ib*eandnieizedpg hdll

Fi b = £t bias+dr,HFFT)
Fiz b = fftshift (Fi_b)

Fi b = Fi_b.*stp_fon*sgre (BW/EN_DAC)
Fii_ b = fftshift(Fi_b)

iiz b = ifft(Fi_b*HNEFT*dEf, KFFTI
[Af BB] = sizeli bias)
i_bias = 1i% bil,1:BB)

1_blas = yealll Bias)

-—— Camputs toktal

1] i xnx=aw(Z] ; ymo=av([3]

AC-coupled current out of

7 EFig pp_hd temporal plot

yax=av (4] H

7 ¥Fig pp_hd spectrum

apd Boo. ahot nelsa)

Zeas LD shot nodse

Oolge

i canvert from mhk to R

B at dev of bias cucr =hot nolse

: pias currantc ahat

poale Eta maintabn

ise pousr

farce 1 blas to ba Faal
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*al voltage at impet to tarval
» X744 mmp -> 2 MHz high

V_ADE = I dert * 74 * 1.0 = 22 * 50 H

V_AD = intarpl{tt,V_ADO,tc_Dt] i

HFFThaseY = oeil(log2 (H_DOT)) I

MFFTV = FHFFThasaV £

dfv = 1/ {NFETV*Dt| B

far ji=1:HEFETV 5
FreqViii)=(1]-KWFFTV/2-1| *ALV I

and

FV_ab = It [¥_AD*Dt,NFFTY) !

Fve_AD = fftshift (Fv_AD) i

figura (' Posl 2", [700 700 S50 400]) » WFig ¥ AL ~lat

plotitt_Dt/le=6, 7 _hD| H

title("Eignal at ¢ [ | I

#label ('Time {us}®) H

ylabel('Sig 3 H
av=ayls ymE=av (3] )} ymx=avid) !

Figure (' Paa x
subplot (2,1,1} B
plot{feeqV/ lak, abs (FYV_AD}] :
titled ' 'Frequency Spectrum (ASD Volta

xlabel (' {MHz| " |

ylabal (' Fra g trum' ) *
subplot (2,1,2) =
plot{fragy/las, angle |FWV AD)) I

title('Frequen m Fhaee (A/D Voltage)® ] i
xlabel (' FeEaql ¥ 2k i
ylabel (' Freguensy Speotrum Phase! | :

-~y Spectrl

Eave data as file that can be read into DATBEIMC_HD programs (ceal data L]
savdat = ¥ _ADR" :
save ADPE.tRt -ascii savdat I
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